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Abstract 
Understanding the levels of variability in oceanographic features where marine predators 
forage is critical for understanding variability in an animal's foraging behaviour and 
reproductive success, and for assessing their potential reactions to environmental change. 
In this thesis, I examine the foraging behaviour of king penguins (Aptenodytes 
patagonicus) in relation to oceanographic features in both horizontal and vertical 
dimensions. I used ARGOS and Global Positioning System tracking data combined with 
Time-Depth-Temperature-Recorder data to follow the at-sea movements for penguins 
breeding at South Georgia and Kerguelen. Combining penguin behaviour with 
oceanographic data at the surface and at depth allowed me to explore how animals adjust 
their horizontal and vertical movements in response to their environment. In this context I 
investigated how horizontal habitat use may relate to different Antarctic Circumpo]ar 
Current frontal zones, and how hydrological structures at depth may impact diving 
behaviour. 
At both study locations, the Polar Front (PF) and cold-water features of southern origin 
were key features used during foraging. The importance of local habitat was reflected in 
their use of mesoscale eddies at South Georgia, and bathymetry-related upwelling at 
Kerguelen. The main features used at depth, during prey pursuit, were the thermocline and 
Winter Water. Penguins also explored Circumpolar Deep Water, which appears to 
represent an important foraging niche for birds when under increased breeding or 
environmental constraints. Variability in the PF and in cold-water features in the foraging 
area significantly affected penguin behaviour. For example, penguins showed altered 
behavioural responses and low reproductive success following shifts in key oceanographic 
features during one breeding season. 
My study of king penguin foraging behaviour in two sectors of the Southern Ocean has 
generated these key insights into foraging relationships with oceanography, and into 
penguin's adaptive capacities to environmental variability. This is of importance for 
assessing possible reactions of king penguins towards environmental change. 
/ 
Preface 
In the middle of the Atlantic Ocean, diving down into the deep blue towards the 
thousands of sunrays reflected from the endless blue. The world's noise stops suddenly, 
and time seems to become less important as I am moving deeper into the blue. I can see 
shadows moving underneath, still too far to reach. As the struggle to move away from the 
surface eases with depth, the senses become more receptive to this new world I am 
visiting, and suddenly I am in company of a group of dolphins that are gliding through the 
blue, looking at me curiously and then speeding up again with elegant moves. I try to 
follow them and adapt my movements to theirs, but it is them who are coming back for a 
few more loops around me, almost like an invitation for a dance. 
All of a sudden there are movements all around, all sizes, shapes and directions -
the main group has brought a school of fish trapped as a huge compact ball between the 
moving dolphins. Yellow-fin tuna are coming up from the depth and speeding through the 
ball, such powerful and fast predators that I almost can't follow their movements with my 
eyes. Shearwaters are gliding toward the fish from the surface, or is it rather swimming, or 
flying? It does not really matter, everybody is doing the best to take part in this spectacle 
and get some good catches. One of the dolphins is approaching me and its brieflook seems 
again like an invitation, this time for a joint underwater lunch. Just as I start to move 
towards the fish ball there is this slight but increasing stabbing sensation in my lungs, the 
reminder that I am only a: visitor in this world, and have to return to the surface. A last look 
. 
on the spectacle, it is already moving away from me, as I start moving my fins upwards, 
frustrated once again by the sudden return to reality and my inability to stay in the blue for 
longer. 
These experiences in the mid-Atlantic deep blue have brought me to embark on this 
PhD. Now I am at the end of 4 years of trying to find out how animals move in their 
underwater world, how they may perceive the ocean currents and water masses, and how 
they may find and catch their prey. It has been an amazing journey into the world of the 
deep blue, and I often imagined myself diving again while sitting at the desk looking at 
dive profiles, this time with the kings in the ocean around South Georgia and Kerguelen. 
Drawing by Emmanuel Lepage, Kerguelen in April 2010. 
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List of abbreviations used in this thesis: 
ACC - Antarctic Circumpolar Current 
PF - Polar Front; SPF - southern PF; NPF - northern PF 
PFZ - Polar Frontal Zone 
AAZ - Antarctic Zone 
SACCF - Southern ACC Front 
SB - Southern Boundary 
FTC - Fawn Trough Current 
SML - Surface Mixed Layer 
TH - Thermocline 
WW - Winter Water 
CDW - Circumpolar Deep Water 
UCDW - Upper CDW 
, mCDW - modified CDW 
SST - Sea Surface Temperature (CC) 
SSTA- Sea Surface Temperature Anomaly (0C) 
SSH - Sea Surface Height (dynamic cm) 
TDR - Time-depth-recorder 
GPS - Global Positioning System 
BMG - Body mass gain (kg) 
FZC - Foraging Zone Coefficient 
ARS - Area Restricted Search 
BrIdx - Broadness Index 
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1.1.1 Foraging ecology: link between environment, fitness and demography 
Foraging is a crucial behaviour for animals, determining the quantity of energy that can be 
allocated to life-history traits such as survival, growth or reproduction (Boggs 1992). 
Resources acquired while foraging ultimately impact population development through the 
direct and indirect effects of individual survival and fecundity. The connection between the 
environment and popUlation development is therefore probably mediated through resource 
acquisition and allocation (Steams 1992). While variability in the physical environment is 
known to affect the availability and accessibility of resources, foragers have to find 
strategies to optimally explore the resources available, which in turn, ultimately determines 
the allocation of energy towards maintenance and reproduction. Foraging in terms of / 
strategy and success is therefore strongly impacted by both the environment as well as the 
forager's strategy to explore the limited resources in a given environment. 
The demands of food acquisition consequently exert strong selective forces on the 
anatomy, physiology, and behaviour of birds. Following evolutionary theory, natural 
selection should favour individuals adopting strategies that optimize th.e exploration of the 
available resources (Steams 1992). In this context a strategy is defined as an adaptive 
response chosen within a range of possible solutions, where responses can be of a 
behavioural, physiological or morphological nature. Natural selection for efficient foraging 
affects decisions about prey choice, patch choice for foraging and patch exploitation 
strategy (Stephens & Krebs 1986). Between the varieties of strategies adopted by the 
individual of one species, some are more successful regarding survival, reproduction and 
~ . 
consequently the relative contribution of the individual in terms of descendants, i.e. 
increasing that individual's fitness (Stevick et al. 2002). Over generations, the mechanisms 
of natural selection have lead to behaviours which increase the survival and reproduction 
2 
of an individual in a given environment (Darwin 1859). A population will therefore 
progressively evolve through selection of individuals with better adaptation to their 
environment. However, in this context evolution should not be seen as leading to perfectly 
adapted species, but rather to well adapted to the current circumstances. 
Although relationships between environmental parameters and life-history traits have been 
increasingly documented (Weimerskirch et aI. 2003; Forcada et aI. 2005; Forcada et aI. 
2006; Jenouvrier et aI. 2005; Jenouvrier et al. 2009; Barbraud & Weimerskirch 2006; 
Barbraud et aI. 2011), understanding how such relationships develop and are maintained in 
a changing environment is less well understood. Investigating the foraging behaviour of 
animals in relation to their environment is therefore crucial to better understand the link 
between population development and their environmental conditions (Hughes 2000). In a 
changing environment, the understanding of such links becomes particularly important in 
the context of assessing potential reactions of animal populations towards future 
environmental change (Trathan et aI. 2007). Under current predictions it is important to 
understand how marine predators explore their environment (Trathan et aI. 2007; Forcada 
&. Trathan 2009; Peron et aI. 2012), and identify possible key oceanographic features 
targeted during foraging, to be able to understand currently observed behaviour and 
popUlation development, and assess potential future changes (Parmesan 2006). 
1.1.2 Optimal foraging theory and central place foragers 
The selective value of differences in foraging behaviour is almost certainly directly 
dependent upon an individual's foraging performance in terms of energy gain from prey 
ingestion. Optimal foraging theory states that organisms forage in a way so as to 
maximize their net energy input per unit time (Charnov 1976; MacArthur & Pianka 1966; 
Stephens & Krebs 1986), and that such optimization of foraging is a selective value in 
evolution (MacArthur & Pianka 1966). This approach has shown that foragers do not 
3 
necessarily choose their prey dependent upon its abundance in the environment, but rather 
as a function of energetic optimization of time allocated to the exploration of such 
resources (Charnov 1976) depending upon the profitability of the prey resources in terms 
of patch density as well as on travel time necessary to reach it and other aspects related to 
prey handling time (Schoener 1979)., This means that foragers move through their 
environment in a dynamic way, adjusting time allocation within prey patches in order to 
optimize foraging in terms of energy intake per unit time (Schoener 1979). Consequently 
species of high foraging flexibility with the possibility of behavioural adaptation have 
better abilities to optimize foraging and survive in a variable environment (MacArthur & 
Pianka 1966). Furthermore individuals with a specialized diet will be more affected by the 
reduction or the disappearance of their prey, whereas more generalist individuals have 
better capacities of adaptation to potential changes in the abundance of one prey type by / 
switching to the exploration of other resources (Annett & Pierotti 1999). 
Constraints on central place foragers 
Central place foragers (Orians & Pearson 1979) represent a particular case of foragers 
constrained by the need for regular returns to the breeding place to provide the offspring 
with food. Central place foragers therefore differ from others in that their activities include 
an outbound journey, a period of searching, and then a return journey. Foraging decisions 
in central-place foragers thus concern both the travel times to the resources as well as the 
quantity and quality of prey (Orians & Pearson 1979; Bell 1990; Krebs & Davies 1993). 
Seasonal constraints on the animals may further impact the behaviour of central-place 
foragers, with changing time and energy budgets due to the breeding cycle leading to 
different foraging decisions and degrees of foraging optimization in terms of net energy 
gain per unit time, and therefore to changes in the exploration of prey resources. During 
the reproduction period, central-place foragers have to return to the colony regularly to 
4 
provide their offspring with food or to relieve their partner, this means that they may need 
to forage in areas close to the colony. Seasonality in their prey species will add further 
complexities in their optimal decisions. 
During the breeding season, increasing demands and constraints on animals may increase 
foraging optimization, maximizing energy intake per unit time through reductions of travel 
times to foraging areas or/and increases in energy gain during foraging by targeting prey of 
higher energy density or higher energy content per prey item. In the case of marine 
predators, animals generally disperse over broader ranges during the non-breeding period 
as there is no need for frequent returns to the colony to provision offspring (Bost et al. 
2009b; Dunn et al. 2011; Thiebot et al. 2011). Release from central-place foraging during 
the non-breeding season may reduce energetic demands and may mean other foraging 
solutions are optimal. 
Diving predators: a particular case of central place foraging 
In the case of diving predators, foraging takes place in 3 dimensions and therefore needs 
to be optimized at the ocean surface as well as at depth. Depending upon their physiology, 
diving predators can spend extended periods under water (Kooyman & Campbell 1972; see 
review in Kooyman 1989; Boyd 1997; Thompson & Fedak 2001; Green et al. 2005; 
Halsey et al. 2006). While the depletion of oxygen resources is the main factor limiting 
underwater time in air-breathing diving predators (see review in Boyd 1997), considerable 
variation in dive duration with most dives ending before the estimated aerobic dive limit 
(Jodice & Collopy 1999; Sparling et al. 2007) indicates that the quality of the prey resource 
encountered during the dive may significantly impact diving behaviour (Thompson & 
Fedak 2001; Mori & Boyd 2004; Sparling et al. 2007). In the context of foraging theory, 
diving predators can be seen as central foragers departing from the surface, where dive 
depth will represent the distance to the food patch and bottom duration will reflect the time 
5 
spent feeding within the patch (Houston & McNamara 1985; Houston & Carbone 1992). 
The observed foraging behaviour of a diving marine predator is therefore likely to be the 
result of behavioural adjustments in the 3 dimensions of the ocean, where energy intake 
per unit time should be optimized in both dimensions. Increasing constraints on the forager 
should lead to increases in foraging optimization of surface movements as well as diving 
behaviour. 
Optimal foraging theory and the way tests of the theory have been carried out have been 
criticized (Pierce & 011ason 1987) and have to be considered when evaluating potential 
adaptations and evolution of animals in the light of foraging optimization. Optimal 
foraging strategies may not occur in nature, as animals. may still track fitness maxima in a 
variable environment rather than having arrived at an optimum in a static environment. 
Another criticism of optimal foraging theory is that it is impossible to test the existence of 
optimal foraging strategies, as the reward an animal is seeking when showing a certain 
behaviour can not be identified by the researcher, and the function of a displayed activity 
can not be assumed to be known a priori. 
1.2 Environmental heterogeneity and variability 
The structure of the environment and the distribution of resources in space and time are ~ot 
uniform, but show considerable variability across both time and space (Kotliar & Wiens 
1990). Spatial and temporal variability of environmental conditions, including for basic 
resources such as nutrients, directly impact the distribution and abundance, and 
consequently !h~ availability of prey resources for foragers exploring such a heterogeneous 
environment (Stenseth et al. 2002). Resource variability therefore affects marine predators 
via foraging performance translating into breeding performance and fitness, and 
consequently natural selection and .population growth. Foraging ecology explicitly 
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integrates such habitat heterogeneity, by extending the isolated study of the forager's 
behaviour and the optimization of its energy gain by considering foragers moving through 
a variable environment of patchy resource distribution, where foragers have to adjust their 
behaviour in order to optimally explore prey resources characterized by such spatio-
temporal variability (Fauchald & Tveraa 2003; Wilson et al. 2005). Spatial and temporal 
resource variability have different impacts on foraging strategy and performance, and are 
most easily considered in isolation before considering their combined effects on marine 
predators foraging. 
1.2.1 Spatial habitat variability 
The earth system is characterized by high levels of heterogeneity in physical, chemical and 
biological patterns (see review in Kleidon 2010). This heterogeneity ultimately results 
from geological variation and spatial and temporal differences in the absorption of solar 
radiation by the earth, leading to temperature gradients in the atmosphere and ocean 
(Kleidon 2010). Such temperature patterns themselves already play an important role in 
defining suitable conditions for biological and ecological processes, or suitable habitats for 
species (peck et al. 2004; Pearson et al. 2006). However, these gradients also drive the 
atmospheric and oceanic circulation, providing the means to transport heat and 
geochemical elements within the earth system (Giorgi & Avissar 1997; Kleidon 2010), 
which leads to further increases in physical habitat heterogeneity and therewith 
heterogeneity in resources distribution and biological patterns. While such heterogeneity 
corresponds to a state far from the thermodynamic equilibrium of the earth system 
(Lovelock 1965), it is a crucial condition for maintaining environmental and ecological 
processes and cycles of the earth system (Schroedinger 1944). Habitat heterogeneity is one 
of the cornerstones of ecology (Simpson 1949; MacArthur & Wilson 1967;Tews et al. 
2004), governing patterns of species diversity, behaviour and population development. 
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Figure 1.1: The thermodynamic context of environmental and ecological systems. The cycling of 
matter at the planetary scale - as manifested by a"strong atmospheric circulation and the global 
cycles of water and carbon - require engines to continuously operate to keep these cycles 
running. These engines ultimately run on gradients of radiative fluxes, which result from the / 
vastly different radiative temperatures of the Sun and Earth. Gradients in radiative fluxes can 
result in gradients of heating, which drive heat engines such as the atmospheric circulation. 
Figure from Kleidon (2010). 
Foraging in a heterogeneous environment 
In the context of foraging, habitat heterogeneity plays an important role, as prey 
distribution is directly dependent on the distribution of resources in the environment. Such 
spatial patterns of prey distribution are a key factor influencing predator movements and 
their foraging strategy (Pyke 1984; Fauchald et al. 2000; see review in Fauchald 2009). In 
general prey resources are considered to be distributed in patches of variable size and 
density, where a patch is defined as a spatially limited zone containing a finite quantity of 
resources in a generally poorer environment. These patches are distributed in space in a 
random or non-random way (Wiens 1989; Fauchald 1999) depending on the structure of 
the environment and dynamic processes governing such structure. In this spatially 
heterogeneous but structured environment predators have to develop strategies to optimally 
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explore the prey landscape of patches 
organized at different scales. In a zone of 
high prey abundance, a predator is 
expected to adapt its behaviour in terms of 
reducing travel speed and increasing the 
sinuosity of the movements. This 
assumption is based on the prediction of 
optimal foraging theory that a predator 
having already captured the first prey item 
in a new putative patch, should intensify its 
foraging effort in the patch encountered 
(Chamov 1976; Parker & Stewart 1976). 
Such behavioural response increases 
residency time of the forager within the 
Small scale 
• High d<!nsity 
• Short search 
distances 
Medium scale 
• Medium density 
• Medium search 
distances 
large scale 
• l ow d<!nsity 
• long search 
distances 
Figure 1.2: Hierarchical patch system with high-
density small-scale patches (dark red) nested 
within low-density large-scale patches (light 
prey patch, ensuring that the animal is red). Blue line is the search pattern of a forager 
using a nested area-restricted search. Figure 
more likely to fully exploit a prey patch from Fauchald (2009). 
because its behaviour reduces the 
chances of it leaving the patch, ultimately leading to higher prey capture rates . The 
resulting behaviour is called "Area-Restricted Search" (ARS, Kareiva & Odell 1978), 
which is defined by a decrease in speed and an increase in sinuosity of movements within a 
prey patch (Benhamou & Bovet 1989). Between two patches, the forager travels more 
linearly and at a faster speed. Based on these assumptions, track-based measurements of 
the movements of free-ranging predators are thought to provide information on their 
foraging behaviour. The scales of the ARS behaviour reflect the forager ' s movement 
adjustments to the scales of spatial and temporal variability of the prey patches 
encountered. 
9 
Habitat heterogeneity is an important factor for foraging, assuming that structurally 
complex habitats might provide more niches, and therefore more diverse ways of 
exploiting the environmental resources to foragers. A niche in the context of foraging 
means here the hypervolume in the multi-dimensional space of ecological variables within 
which a species can maintain profitable foraging, which is necessary for maintaining a 
viable population (definition adapted from Hutchinson 1957). More niches available to the 
forager may increase diversity in foraging behaviour and possibilities of optimizing 
foraging strategies depending on physiological and seasonal constraints on the animals. It 
may reduce intra-and interspecific competition (Pianka 1981; Svanback & Bolnick 2005), 
which may ultimately lead to increased foraging performance and population growth. 
However, the effects of habitat heterogeneity may vary considerably depending upon 
whether structural attributes are perceived as heterogeneity or fragmentation (Tews et al. 
2004), which may have contrasting effects on foraging. Such perception may vary from 
species to species depending upon their foraging requirements, but also within a species 
depending upon the constraints of the animals, impacting their time and energy budget. For 
example, prey patches with high-level fragmentation but containing highly profitable 
resources (in terms of accessibility, density and/or energy content of the prey items) may 
represent favourable conditions for foragers under low constraint with sufficient time to 
travel between the patches, where foraging within a patch may be highly profitable. For 
foragers under higher constraints with less time available for travelling and search for new 
prey patches, less fragmented prey may represent better foraging conditions, even if prey 
resources within such a larger patch may be less profitable in terms of accessibility, density 
or energy content per prey item. Foraging decisions in a given environment are therefore 
likely to be a compromise between spatial constraints such as the distance of the resources 
to the colony, and its suitability to the animals' constraints in terms of resources 
profitability and fragmentation. A diverse environment characterized by elevated 
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heterogeneity and distinct environmental niches is likely to provide for a higher range of 
choices for the animal, allowing for better adjustment in foraging behaviour and a more 
optimized foraging strategy according to the prevailing constraints and prey distribution at 
different spatial scales. 
The marine environment and its patchy resource distribution 
Despite its apparent uniformity, the marine environment is characterized by strong 
heterogeneity in terms of both physical parameters as well as biological productivity 
(Bainbridge 1957; Martin et al. 2002). Spatial patterns in physical properties of the water 
masses, such as temperature and salinity, as well as nutrient concentration in the horizontal 
and vertical dimension, are largely determined by environmental features such as ocean 
currents and their interaction with bathymetry, forming the base for heterogeneity in the 
ocean. Nutrients and light are the limiting factors in primary productivity, and determine 
patterns of phytoplankton growth in the ocean (Marra 1978). Areas of enhanced mixing 
and nutrient input into the upper water column, such as bathymetry-related upwelling as 
well as fronts and eddies, represent zones of enhanced biological productivity (Eppley & 
Peterson 1979; Longhurst & Glen Harrison 1989). Furthermore physical processes such as 
horizontal and/or vertical convergences (Hunt 1990), or the barrier effect of vertical 
physical gradients (Boyd & Arnbom 1991) may lead to the passive aggregation ofbiomass 
~t such features. Phytoplankton is at the bottom of the marine foodweb, directly impacting 
the distribution and abundance of higher trophic levels ("bottom-up control", Frederiksen 
et al. 2006). The distribution of marine resources, including the prey for marine predators, 
is therefore determined by the physical environment as well as oceanographic processes 
and their interaction with bathymetry. 
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Foraging strategies of marine predators in a patchy environment 
Such heterogeneity in the oceanographic environment, and therefore prey resources, occur 
in the horizontal and vertical dimension of the ocean. Consequently, marine predators have 
to adjust their foraging behaviour at the surface and at depth in order to optimally explore 
prey patches. At the surface, structuring in the marine environment occurs at different 
scales, ranging from filaments at sub-mesoscale (scales of metres), to fronts and eddies at 
the mesoscale (1-300 km), up to large basin-wide scales (hundreds to thousands of km) 
(Mann & Lazier 1996; Martin et al. 2002). These environmental structures at different 
Figure 1.3: A conceptual model describing the 
relative importance of factors regulating 
aggregations of gregarious fish as a function 
of scale. There are two x-axes, one based on 
self-organisation, and the other on 
environmental forcing. The importance of 
these on fish distribution depends on the 
spatial scale. At smaller scales, self-
organisation mechanisms are likely to be 
dominant; at larger scales adaptations and 
response to the environment are more 
important. Figure from Bertrand et al. (2008). 
scales are thought to be key factors determining aggregative patterns of fish (Bertrand et al. 
2008), which in turn are important prey resources for foraging marine predators. In the 
context of marine predators foraging, mesoscale features such as fronts and eddies have 
been reported to play key roles, as they appear to provide for profitable foraging zones for 
various marine predators (see review in Bost et al. 2009a). Frontal zones are often 
characterized by elevated biomass compared to interfrontal zones (Lutjeharms et al. 1985; 
Pakhomov et al. 1994) due to increased primary productivity as well as biomass 
concentration by convergence processes (Schneider 1990; Hunt 1990; Spear et al. 200 I). 
Such biomass accumulation may attract higher trophic levels including prey for marine 
predators. In the vertical dimension, water masses of distinct physical properties as well as 
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physical gradients between such water masses are important elements for heterogeneity 
and structuring. Different water masses may provide for suitable habitats for different prey 
species, and discontinuities in physical properties in the water column may result in 
enhanced biological activity due to the barrier effect of the density gradients leading to a 
concentration of sinking matter (Boyd & Ambom 1991). These nutrient-rich water layers 
may result in increased primary productivity and attract higher trophic levels including 
prey for marine predators. In particular, the thermocline is known to be of considerable 
importance for marine predators (Boyd & Ambom 1991; Cayre & Marsac 1993; Kitagawa 
et al. 2000; Charrassin & Bost 2001; Spear et al. 2001; Biuw 2007; Weng et at. 2009; 
Scheffer et al. 2012) as it provides for potential biomass accumulation for various trophic 
levels at relatively shallow depths. However, physical gradients at greater depths may also 
play important roles in structuring the water column and providing locations for prey 
aggregation for marine predators depending upon their physiological dive capacities, as 
suggested by Muelbert et al. 2012 for elephant seals. 
Marine predators have to adjust their foraging behaviour in response to heterogeneity in 
oceanographic structures and associated prey aggregations at different scales in the 
horizontal and vertical dimension in the ocean. The foraging performance of a marine 
predator may therefore be a compromise of behavioural adjustments of surface as well as 
diving behaviour in order to optimize its exploration of a 3-dimensional prey field. In this 
context, habitat heterogeneity with high levels of segregation and the presence of distinct 
foraging niches may play a key role for optimizing foraging strategy in the horizontal and 
vertical dimension of the ocean. Under natural selection, marine predators have evolved 
strategies to optimally explore heterogeneity in habitat and prey distribution in the ocean, 
and breeding colonies may have evolved in close proximity to the best foraging conditions 
for a given species in terms of spatial availability of prey resources. In this context, 
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pressure from predation may also play an important role, and animals' breeding colonies 
may finally emerge and evolve as a compromise of both these key factors. 
1.2.2 Temporal habitat variability 
The structures defining spatial heterog~neity of resources in the environment are subject to 
temporal variability at different temporal and spatial scales and of different magnitude. The 
atmospheric circulation is characterized by well-defined patterns (e.g. Walker cells, wind 
systems), which are subject to variability at different spatial (regional and global) and 
temporal (daily, seasonal, multi-annual, decadal) scales. Multiple climate indices exist to 
characterize atmospheric variability and integrate several environmental variables. The 
most important ones are the El Nifio- Southern Oscillation (ENSO), the North Atlantic 
Oscillation (NAO) and, in the Southern Hemisphere, the Southern Annular Mode (SAM) 
(see review in Stenseth et a1. 2003), but there are regional climate indices that describe 
climate patterns on smaller spatial and temporal scales (Indian Ocean Dipole, South 
Atlantic Dipole). 
Such atmospheric variability impacts oceanographic patterns in the ocean (Terray & 
Dominiak 2005;Sallee et al. 2008; Sallee et at. 2010), and therefore also prey distribution 
for marine predators. However, optimal foraging theory requires a certain stability and 
predictability of resources in the foraging areas explored. The adjustment of foraging 
strategy and habitat selection by marine predators partly depends upon their knowledge 
about the environment and their previous experience (Weimerskirch 2007; Hamer et at. 
2007). For successful foraging; they therefore rely upon oceanographic structures of a 
certain recurrence in time and space, leading to predictability of the structure and 
associated prey resources. 
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Predictability of profitable structures in the marine environment 
The predictability of environmental structures and associated prey resources is thought to 
be related to the spatial scale of environmental structure as well as to the scale of temporal 
variability impacting the structure. For example, fronts and eddies are large-and mesoscale 
features of the marine environment, which are thought to host important prey resources for 
marine predators. Spatial stability and temporal recurrence of these structures make them 
predictable locations of potentially high prey densities at large and mesoscales (Hunt et al. 
1999). Between oceanographic features occurring at large spatial and temporal scales and 
small-scale structures of high spatial and temporal instability and apparently random prey 
distribution, structures of spatially and temporally predictable prey aggregations at 
mesoscales such as fronts and eddies are thought to be of particular importance to foraging 
marine predators (pinaud & Weimerskirch 2005). 
Climate change: a new challenge for marine predators 
Such temporal variability, including the occurrence of extreme events, is inherent in the 
earth's system, and marine predators and other organisms and structures have evolved in 
this fluctuating environment and are able to adjust their foraging behaviour at the 
corresponding scales (Pinaud & Weimerskirch 2005;Weimerskirch 2007). However, global 
warming (Gille 2002) and the associated increase in environmental stochasticity (Alley et 
al. 2003) may represent new challenges for marine predators' foraging and population 
survival (see review by Gremillet & Boulinier 2009). 
Warming in ocean temperatures (Gille 2002; Solomon et al. 2009) may lead to shifts in 
prey species habitats, and lead to mismatch of such resources and the locations of marine 
predators' breeding colonies. Furthermore changes in atmospheric patterns may impact 
oceanographic conditions, and therefore the distribution of marine resources. Climate 
modes such as ENSO and SAM have been reported to change in terms of patterns and 
magnitude (Fogt & Bromwich 2006), which may impact environmental patterns on a 
15 
global scale. The increase in temperature is also thought to increase environmental 
stochasticity (Alley et al. 2003), and therefore the occurrence of extreme events (Jentsch et 
al. 2007; Solomon et al. 2007; Jentsch & Beierkuhnlein 2008). These changes may 
represent new challenges for marine predators' foraging and population survival (Trathan 
-, 
et al. 2007). Changes in key oceanographic structures of foraging such as deepening of the 
thermocline (Sallee et al. 2010), or increased match-mismatch of prey resources and 
predator distribution may make it increasingly difficult for marine predators to keep 
foraging in an optimal way, and to acquire sufficient resources over critical time scales. 
Marine predators are known to show flexibility in foraging behaviour and capacities of 
adaptation to variability in environmental conditions and prey distribution by spending 
more time foraging in poor years (Fiatt & Sydeman 2007; Harding et al. 2007; Ronconi & 
Burger 2008) or adjusting the foraging areas explored (Peron et al. 2012). However, 
thresholds of such foraging flexibility may exist, where foraging profitability and 
reproductive success can no longer be buffered against low food availability in the 
foraging area (Dall & Boyd 2002). Climate change may therefore have drastic impacts on 
the foraging success, distribution and population development of marine predators (Croxall 
et at. 2002; Forcada et al. 2005; Murphy et al. 2007a; Trathan et al. 2006, Trathan et al. 
2007; Forcada & Trathan 2009; Ballard et at. 2010; Hazen et at. 2012). 
In the case of marine predators in the Southern Ocean, the change of large-and mesoscale 
patterns such as ACC frontal zones positions and dynamics as well as mesoscale structures 
such as eddies (Thompson & Solomon 2002; SalIee et al. 2008; Sallee et al. 2010) may 
affect the horizontal and vertical distribution and abundance of prey in proximity of 
breeding colonies. This is likely to impact the foraging success and fitness of marine 
predators, which is ultimately translated into population development. Investigation of key 
structures where predators forage successfully is therefore an important issue to investigate 
in order to better understand marine predator behaviour, and to evaluate potential impacts 
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of a changing environment on their behaviour and population development. The 
occurrence of extreme events in terms of environmental conditions, marine predators' 
behaviour and breeding success may allow insights into reactions of these animals to 
extreme conditions, and may indicate potential reactions and adaptations to future 
environmental change. 
1.3 The Southern Ocean 
The Southern Ocean is distinguished from all other oceans in that it encircles the globe 
without being diverted by continental barriers. Its main hydrographic feature is the 
Antarctic Circumpolar Current (ACC, Rintoul et al. 2001), a powerful eastward flowing, 
wind driven current circling the Antarctic continent, forming a circumpolar connection 
between 3 ocean basins. The Southern Ocean comprises the southern parts of the Pacific, 
Atlantic and Indian Ocean and represents approximately 20% of the World's Ocean 
(Deacon 1937). Its northern limit is defined by the Subtropical Front (STF), an 
oceanographic feature that is characterized by rapid changes in SST and salinity over short 
spatial scales, marking the transition between warm and salty subtropical waters and 
cooler, fresher waters to the south (Deacon 1937; Deacon 1982); the STF is generally 
situated between 35°S and 45°S (Orsi et al. 1995). 
The ACC is mainly driven by the prevailing strong westerly winds and the CorioUs force 
. 
(Trenberth et al. 1990); it represents one of the largest currents in the world, carrying 
roughly 135 - 147 x 106 m3 S·l of water around Antarctica (Cunningham et al. 2003; 
Rintoul & Sokolov 2001). As such, the ACC is a critical component of the global climate 
system, allowing the transfer of heat and water between the ocean basins and therefore 
around the globe. 
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The path of the ACC flow is strongly influenced by the steering effect of bottom 
topography (Sverdrup 1942; Marshall 1995). This bathymetric steering effect is 
particularly important at the high latitudes of the Southern Ocean where the ocean is 
weakly stratified, and currents near the ocean surface align in roughly the same direction as 
deep ocean currents, consequently often' following pronounced depth contours (Schulman 
1975; Gille et al. 2000). Such bathymetric steering of ocean currents occurs particularly in 
Figure 1.4: The Southern Ocean 
with the Antarctic Circumpolar 
Current (ACC). The ACC fronts 
are colour coded from north to 
south as follows: black-
SubAntarctic Front (SAF); 
magenta - Polar Front (PF); blue 
- southern ACC Front (SACCF); 
black - Southern ACC Boundary 
(SB). Frontal positions are 
determined from Sea Surface 
Height (SSH). The ACC fronts 
overlie the SO bathymetry. 
Figure from Sokolov & Rintoul 






proximity to the major topographic features within the ACC flow, such as the Scotia Arc 
and the extensive Kerguelen Plateau (Marshall 1995). In the context of this study the 
northward deviations of the southern parts of the ACC caused by the South Sandwich 
Islands Arc at - 30o W and at the Kerguelen Plateau at - 700E are of particular importance 
for the oceanography in close proximity to our study areas at South Georgia and Kerguelen 
(Orsi et al. 1995; Thorpe et al. 2002a; Thorpe et a l. 2004). 
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The ACC includes four major circumpolar fronts south of the STF, which are, from north 
to south, the SubAntarctic Front (SAF), the Antarctic Polar Front (PF), the southern ACC 
Front (SACCF) and the Southern Boundary of the ACC (SB) (Orsi et al. 1995; Belkin & 
Gordon 1996). Fronts are zones that separate distinct surface water masses and are 
characterized by strong horizontal gradients in physical water properties such as 
temperature, salinity and density (Schneider 1990). In the vertical dimension, frontal zones 
are furthermore characterized by changes in the structure of the water column due to the 
presence of different water masses (Orsi et aI. 1995, Belkin & Gordon 1996; Trathan et aI. 
1997; Trathan et al. 2000; Park et aI. 1998; Thorpe et al. 2004; Boehme et al. 2008a; 
Venables et aI. 2012). Frontal positions can thus be identified based on ocean surface 
parameters such as SST (Park et aI. 1993; Orsi et aI. 1995; Belkin & Gordon 1996), SST 
gradient (Moore et aI. 1999b) or SSH and geostrophic velocities (Sokolov & Rintoul2009; 
Venables et al. 2012) as well as by their subsurface expressions in the water column (Park 
et al. 1998; Boehme et aI. 2008a;Sokolov & Rintoul 2009; Venables et al. 2012). For 
example the PF can be defined by the 5°C isotherm at the surface during summer (Park et 
al. 1993) or, more accurately, by the northernmost extent ofWW at 200m depth (park et al. 
1998). While frontal positions based on different criteria are mostly in agreement, the 
frontal properties are not uniform in all sectors of the Southern Ocean, and the variation in 
frontal structure from region to region and the multiplicity of definitions used by various 
authors have led to some confusion in the determination of ACC frontal positions. 
The zones between the ACC fronts are characterized by lower dynamics, leading to 
reduced mixing and therefore increased stability in hydrological structures. From north to 
south, the ACC interfrontal zones are referred to as the Subantarctic Zone (SAZ, between 
the STF and the SAF), the Polar Frontal Zone (PFZ, between the SAF and the PF), the 
Antarctic Zone (AAZ, between the PF and the SACCF), and the Southern Zone (SZ, 
between the SACCF and the SB) (Orsi et aI. 1995). 
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In the vertical dimension, the Southern Ocean is well structured by different water masses 
characterized by distinct physical properties, and by the physical gradients between these 
water masses. During the austral summer, the water column between the PF and the 
SACCF is characterized by the Surface Mixed Layer (SML) and the underlying cold 
Winter Water (WW) originating from the previous winter mixed layer capped by seasonal 
warming and freshening within the SML (Park et al. 1998). WW properties are 
continuously altered by vertical mixing processes with the surrounding warmer water 
masses, which may vary according to oceanographic processes such as upwellings or 
eddies. WW properties may therefore show important spatial variability (Park et al. 1998). 
The SML and WW are separated by a thermocline, a strong vertical temperature gradient 
of variable extent and intensity depending on the SML and WW properties as well as on 
physical mixing processes. Below the WW layer is the Circumpolar Deep Water (CDW), 
which is characterized by an oxygen minimum and a temperature maximum. CDW is the 
most voluminous water mass in the Southern Ocean (Worthington 1981) carried eastward 
by the ACC. Situated below the WW and therefore not directly in contact with the 
atmosphere, it does not experience the winter cooling and summer warming of the WW 
and SML, and may be less directly impacted by atmospheric variability (Jacobs & Georgi 
1977). The mixing of CDW with the WW has been suggested to provide for important 
nutrient input into the upper water column, particularly in locations where interactions with 
bathymetry occur, for example where CDW meets the Antarctic shelf such as in the Ross 
Sea and in the WAP (Dinniman et al. 2011). The mixed layer where CDW mixes with WW 
has been identified as a distinct" water mass, often referred to as modified CDW, or 
mCDW (Gordon et al. 2000). 
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1.4 Studying marine predator foraging behaviour 
The study of wild animals in their natural environment is often challenging, as they live in 
habitats where direct observation is difficult or impossible. Biologging is the use of 
miniaturized animal-attached tags for recording data about the movements, behaviour, 
physiology and/or environment or free-ranging, 
undisturbed animals (Ropert-Coudert & Wilson 2005; 
Hooker et al. 2007; Ropert-Coudert et al. 2009a). In 
the marine environment, biologging allows the study 
of animals and their interaction with oceanography, 
which would not be accessible during their extended 
(sometimes exclusive) times at sea. In the case of 
diving predators, a small device is usually attached to 
the animals, recording, for example, surface locations 
Figure 1.5: King penguin with a 
tracking device attached. 
(GPS and Argos devices) or behavioural and physical parameters during the dives (such as 
pressure for dive depth, ambient temperature, light, salinity for diving animals) (Time-
Depth-Recorders, TOR). The deep dive depths of some species and the long at-sea times 
represent important constraints for the logging devices in terms of pressure resistance and 
memory while keeping the device as small as possible to minimize the impact on the 
animal. 
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1.4.1 Methods for the detection of foraging hehaviour in marine predators 
In the context of studying the foraging behaviour of marine predators, one of the 
challenges is to infer foraging activity from behavioural indices obtained by biologging 
methods. Diving predators move in a multi-dimensional framework (x, y, z and time, plus 
multiple environmental dimensions), whereas foraging may only be visualized in the 
horizontal and vertical. Fortunately, there exist various methods to identify the occurrence 
of foraging behaviour from biologging data at the ocean surface and at depth. From surface 
behaviour, foraging is sometimes detected based on the assumption that the animals 
change their movement behaviour between travelling and foraging, with changes from 
relatively linear movements at high speed during travel to ARS behaviour characterized by 
increased sinuosity and lower speed when exploring a prey patch (Bovet & Benhamou 
1991; Benhamou 2004). Methods for the detection of foraging behaviour at the surface are 
based on various analysis methods such as First-Passage Time (Fauchald & Tveraa 2003), 
changes in the fractal dimension of the trajectory (Fritz et al. 2003; Tremblay et a1. 2007) 
and residence time in a certain zone (Barraquand & Benhamou 2008). Furthermore there 
are process-based models, which allow predictions of the animals' behaviour along its 
trajectory based on previous behavioural states (State-space models, Jonsen et al. 2003; 
Jonsen et al. 2005; see review in Patterson et al. 2008 and Jonsen et al. 2012). However, 
such methods for detecting foraging behaviour from changes in surface movements need to 
be used with caution, with careful considerations of the spatial scale at which the foraging 
behaviour will be detected (Robinson et a!. 2007). In addition to changes in surface 
behaviour, marine predators are likely to change their diving behaviour in response to prey 
availability (Houston & Carbone 1992; Thompson & Fedak 2001). Based on this 
assumption foraging can be detected from changes in diving behaviour, such as increasing 
dive rate within a prey patch (Dragon et al. 2010). the time spent in the bottom phase of a 
dive (Boyd & Arnbom 1991; Char:assin et a!. 1999; Austin et al. 2006) as well as the 
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bottom time relative to the total dive duration (Halsey et al. 2007) or changes in residuals 
of absolute or relative bottom times (Bailleul et al. 2008). Furthermore the fine-scale 
behaviour at the bottom of a dive, where foraging is thought to take place, can give an 
indication of the feeding behaviour of the animal. These undulations or wiggles are small 
vertical movements of the animal during the bottom phase of the dive, which are thought to 
arise from prey capture and are therefore suggested to represent a reliable indicator for 
feeding (Simeone & Wilson 2003; Takahashi et al. 2004; Bost et al. 2007; Bost et al. 
2008). The choice of an appropriate method for the investigation of marine predator 
foraging behaviour from the wide range of available possibilities, depends upon the 
question to be answered as well as on the temporal and spatial resolution of the available 
data. 
1.4.2 Studying marine predator behaviour in the 3-dimensional oceanographic 
environment 
Initial studies concentrating on the tracking of marine predator surface behaviour and its 
evaluation in combination with remotely sensed oceanography have allowed first important 
insights into the behaviour of marine predators at sea, and the importance of oceanographic 
features for foraging (Rodhouse et al. 1996; Bost et al. 1997; Guinet et al. 1997). However, 
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Figure 1.6: In-situ depth-temperature 
profile along the trajectory of a 
foraging king penguin obtained from a 
Time-Depth-Temperature Recorder 
(Mk9). The high temporal and spatial 
resolution of the data allows detailed 
insights into hydrological structures 
encountered by the penguin at depth. 
Cold water masses are shown in blue, 
warm in red. 
measurements at high sampling rates (Ropert-Coudert & Wilson 2005; Hooker et al. 2007) 
have significantly increased the possibilities of studying the animals' behaviour in their 
. environment, and to examine possible links between the animals' behaviour and 
oceanographic features at the ocean surface arid in the water column (Charrassin & Bost 
2001; Biuw et al. 2007; Biuw et al. 201'0; Hooker et al. 2007; Costa et al. 2010; Mclntyre 
et al. 2010; Mclntyre et al. 2011; Bestley et al. 2012). The animal-borne tags collect 
oceanographic data at the scale and resolution that match the animals' behaviour, allowing 
for the study of the animals' behaviour in its immediate environment in high spatial and 
temporal detail. 
The use of such tags furthermore allows the in~situ sampling of the oceanographic 
environment at detailed spatial and temporal scales. Marine predators can thus be used to 
collect oceanographic data on scales not possible with conventional methods (Lydersen et 
al. 2002; Hooker & Boyd 2003; Charrassin et al. 2004; Charrassin et al. 2008; Boehme et 
al. 2008a, Boehme et al. 2008b; Costa et al. 2008; Roquet et al. 2009). This is particularly 
interesting in areas such as the Southern Ocean, where the use of traditional ship-based 
surveys, remote-sensing systems and Argo-floats is limited. The use of oceanographic data 
from animal-borne sensors has significantly improved our understanding of key features in 
the Southern Ocean such as the ACC and associated oceanographic processes and features 
at the surface and at depth (Boehme et al. 2008a; Charrassin et al. 2008; Costa et al. 2008). 
Such technical advances in biologging have lead to the synergy between marine 
behavioural ecology and oceanography (Ropert-Coudert & Wilson 2005). The 
interdisciplinary approach to studying the behaviour of marine predators in relation to 
oceanogranhy has given important insights into how the animals explore their 
environment, and potential key oceanographic features for foraging. It has allowed detailed 
studies of the exploration of the water column by the animals, and the identification of 
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oceanographic features or specific water masses at depth targeted during foraging 
(Campagna et al. 2000; Charrassin & Bost 2001; Charrassin et al. 2004; Bailleul et al. 
2007; Biuw et al. 2007; Muelbert et al. 2012). For example, the use of temperature and 
salinity data collected by seals foraging at the Western Antarctic Peninsula has provided 
detailed insights into the 3-dimensional habitat use of different seal species (Burns et al. 
2004; Costa et al. 2010). The data have given new detailed information about circulation 
patterns of CDW onto the Antarctic shelf, and its exploration by the seals (Costa et al. 
2008; Costa et al. 2010), revealing inter-specific habitat segregation in terms of foraging 
areas explored as well as water masses targeted at depth (Costa et al. 2010). Furthermore 
the comparison of elephant seals at different breeding locations have allowed insights into 
fine-scale differences in habitat use, providing possible explanations for differences in 
foraging performances (Biuw et al. 2010). 
Results from biologging studies suggest that the foraging of marine predators is strongly 
associated with oceanographic features such as fronts, eddies, specific water masses and 
thermal gradients in the water column, or bathymetry-related upwellings at shelf breaks or 
seamounts, where prey availability may be increased (Hunt 1990; Rodhouse et al. 1996; 
Bost et al. 1997; Tynan 1998; Lea & Dubroca 2003; Cotte et al. 2007; Trathan et al. 2008; 
Scheffer et al. 2010; Peron et al. 2012; Muelbert et al. 2012). These oceanographic features 
are thought to represent locations of high prey predictability and availability and therefore 
important foraging areas for marine predators. Spatial patterns and temporal variability of 
these features are impacted by environmental 'Variability and are thought to be affected by 
climate change. Investigating the potential impact of climate change on marine predators 
therefore requires the identification of the oceanographic features on which animals rely, 
detailed knowledge about how animals explore these features in the horizontal and vertical 
dimension, as well as information about how these features may change. In this context, 
the comparative study of a marine predator in different breeding locations may allow 
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insights into how the animals adjust thei r foraging behaviour to different environments, 
and how the exploration of potential key oceanographic feature may impact forag ing 
behaviour and performance. 
Marine predators sit at or near the top of the marine food web, and as they consume large 
amounts of biomass from lower trophic levels, 
they integrate spatial and temporal patterns in 
the distribution and abundance of lower trophic 
levels; they have been proposed as representing 
important bioindicators of marine resources 
(Furness & Greenwood 1993;Boyd & Murray 
200 I; Bost et al. 2008). Such indications on 
spatial and temporal patterns of resources may 
be important to monitor and better understand 
the variability of biological resources, Figure 1.7: A generalized Southern Ocean 
foodweb from the level of krill up to 
particularly those at mid-trophic levels such as 
krill and myctophids which are difficult to 
assess, given the spatial and temporal 
marine top predators. Four main size 
groups of an imals are shown, each in a 
coloured ellipse. Figure from Rintoul et 
a l. i2012\. 
variabi lity of the environment. In this context, changes in marine predators ' foraging 
behaviour may give important indications about spatia-temporal changes In marine 
foodweb. 
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1.5 PhD objectives and thesis structure 
The overall objective of this PhD is to describe the foraging behaviour of a top diving 
predator of the Southern Ocean, the king penguin, breeding at both South Georgia and 
Kerguelen in relation to regional oceanographic features and variability in their horizontal 
and vertical dimension. In using a multi-site study, I envisage that I will be able to infer 
generic behavioural foraging attributes for my study species. I have approached this 
question by combining behavioural information regarding the penguins' surface and 
underwater movements with oceanographic data (remote sensing and in-situ measurements 
from biologging devices attached to the animals) in the horizontal and vertical dimensions 
at different spatial and temporal scales. This thesis is therefore situated at the interface of 
behavioural biology, ecology and oceanography, and attempts to integrate these disciplines 
in order to allow comprehensive insights into how these animals explore their 
environment. 
The work for this PhD thesis has been structured and approached in the following way: 
As a .ftrst step, I describe the foraging behaviour of king penguins in relation to 
oceanographic features at both breeding locations (Chapters:3 and 4). Building on previous 
work on king penguins foraging behaviour from both study sites I attempt to gain a more 
complete picture about how the penguins explore the oceanographic habitat in the 
horizontal and vertical dimension depending on the oceanography of the study sites. For 
this I ftrst studied the spatial at-sea distribution of foraging king penguins in relation to 
oceanographic features in their foraging areas. I then investigated their behaviour in the 
water column and tried to ftnd out key structures or water masses explored during 
foraging. This gave a 3-dimensional image of how king penguins explore the ocean, and 
what may be important oceanographic features explored during foraging in the foraging 
ambit of the breeding colony. 
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In Chapter 3 I describe the foraging behaviour of king penguins breeding at South 
Georgia in relation to oceanographic patterns in their foraging area at the ocean surface and 
at depth. Previous studies of the foraging behaviour of king penguins at South Georgia 
(Trathan et al. 2008; Scheffer et al. 2010) have concentrated on birds during the incubation 
stage and did not consider brooding birds or detailed aspects of diving behaviour in 
relation to vertical oceanographic features. To gain a more complete picture about king 
penguins' foraging at South Georgia building on these previous results, I studied the 
foraging behaviour of the penguins during the brooding stage in relation to horizontal 
oceanographic features, and further focussed on the fine-scale exploration of the thermal 
structure of the water column by the penguins in the different frontal zones explored 
depending on their breeding constraints. 
In Chapters 4, 5 and 6 I describe the foraging behaviour of king penguins breeding at 
Kerguelen. Given a more extensive Kerguelen dataset it was possible to take into account 
spatial as well as temporal variability in oceanographic conditions and the penguins' 
behaviour. Furthermore the catastrophic breeding season of 2009/10 with an 
unprecedented impact on the Kerguelen king penguin behaviour and reproductive success 
required separate analyses and considerations. My work on king penguins breeding at 
Kerguelen is therefore subdivided in 3 chapters. In Chapter 4 I explore the general 
foraging patterns of breeding king penguins from Kerguelen in relation to oceanographic 
patterns in their foraging area (building on previous studies on foraging king penguins at 
Kerguelen mainly during the brooding stage, see Charrassin et al. 2002; Charrassin et al. 
2004; Bost et al. 2004;Bost et al. 2011). In Chapter 5 I examine the particular situation 
during the breeding season 2009/10 when 94% of monitored birds failed to raise chicks. 
Finally, in Chapter 6 I explore the general impact of environmental variability on the 
foraging behaviour of king penguins breeding at Kerguelen. 
28 
/ 
My study of king penguins in relation to their oceanographic environment across two study 
locations, allowed me to gain detailed insights into how these animals explore the ocean, 
and what oceanographic features may be of key importance for their foraging in both 
locations. While it is important to study an animals' behaviour in relation to the particular 
conditions close to the breeding site, it is important to remember that it remains difficult to 
evaluate to what extent the observed behaviour might be an adaptation to the particular 
conditions at that breeding site in that year, as opposed to how much the animals may have 
adapted to different environmental conditions at the two sites. Several studies have shown 
that the presence of a species in a given habitat may be closely linked to keystone 
structures, where such a keystone structure is defined as a distinct spatial structure 
providing resources, shelter or "goods and services" for a species CTews et al. 2004). 
Detecting crucial keystone structures of a species may be of key importance for a better 
understanding of the animals' foraging strategies and behavioural patterns emerging under 
different environmental conditions. 
In Chapter 7 I consider a number of broader issues developed from the discussion of 
Chapter 3 - 6. This involves as a comparison of the two study locations, where 1 try to 
combine the results of the separate study locations into a set of conclusions about more 
general foraging patterns of king penguins in relation to their oceanographic environment. 
"In this context, I considered the importance of the location of the breeding colony in 
relation to the Polar Front, which determines how the foraging animals may rope with the 
local conditions associated with this key oceanographic feature and the vertical thermal 
structures associated with other Antarctic Circumpolar Current (ACC) fronts and zones. 
Based on the results of this comparative approach I end by finally discussing potential 
reactions of king penguins to future environmental change and how potential key 
oceanographic features used by king penguins foraging may change, and how the penguins 




Study location, study species and methods 
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2.1 The study locations: Oceanography around South Georgia and 
Kerguelen 
The islands of South Georgia and Kerguelen are situated with in the flow of the Antarctic 
Circumpolar Current (ACC), respectively in the Atlantic and Indian Ocean sectors of the 
Southern Ocean. South Georgia is located to the south of the Polar Front (PF), whereas 
Kerguelen is situated just to the north of the PF 
(Orsi et at. 1995; Park et at. 1998; Moore et at. 
1999b; Sokolov & Rintoul 2009; Park & Vivier 
20 11). Both is lands are situated in close proximity 
to the highest bathymetry in the flow of the ACe, 
steering the ACC after it ex its the Drake Passage 
and flows over the Scotia Arc in the Atlantic and 
over the Kerguelen Plateau in the Indian Ocean 
(Marshall 1995; Moore et at. 1999; Park et at. 2008b; 
Sallee et at. 2008). 
South 
Figure 2.1: locations of the study 
sites South Georgia and Kerguelen in 
the Southern Ocean. White shading 
shows major bathymetric features. 
Areas downstream of locations where there are strong interactions of the ACC with 
bathymetry, are characterized by persistent patterns of increased biological productivity 
from bathymetry-related nutrient upwelling and downstream advection (Sokolov & Ri ntoul 
2007), which may maintain highly productive ecosystems and rich foodwebs in these 
locations. Islands situated in such conditions therefore provide favourable breeding 
locations with profitable foraging grounds for land-based marine predators. The Scotia Sea 
and the Kerguelen Plateau are two of the most productive areas in the Southern Ocean 
(Charrassin et at. 2004; Holm-Hansen et at. 2004; Blain et at. 2007; Murphy et at. 2007b; 
Tarling et at. 2012; Park et at. 2010; Dragon 2011; Whitehouse et at. 2012), with the 
interaction of the ACC with bathytpetry being a major factor for allowing high levels of 
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biological productivity (Park et al. 1998; Park et al. 2008b; Blain et al. 2007; Murphy et al. 
2007; Mongin et al. 2008) and supporting extensive colonies of marine land-based 
predators such as seals, penguins and other seabirds (Boyd et al. 2002; Murphy et al. 2007; 
Hindell et al. 2011 ; Park & Vivier 2011 ). 
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Figure 2.2: Primary productivity (remotely sensed Chlorophyll-a concentration) during 
December in the Southern Ocean. Yellow boxes indicate the locations of the Scotia Sea and 
the Kerguelen Plateau. Figure from Sokolov & Rintoul (2007). 
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Figure 2.3: Primary productivity (a), vertical velocity (b) and ocean depth (c) in the Southern 
Ocean, averaged between the northern and southern branches of the Polar Front. Highest 
primary productivity occurs in the Scotia Sea and over the Kerguelen Plateau, coinciding with 
regions of rugged bathymetry and high vertical velocities in the ocean. Figure from Sokolov & 
Rintoul (2007). 
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In both locations, parts of the eastward flow of the southern ACC shows significant 
deviations to the north and therewith into areas close to the islands (Marshall 1995; Orsi et 
al. 1995). Such large-scale flows meandering across major bathymetric obstacles is a result 
of the conservation of potential vorticity (f/h, 
where f is the Coriolis factor and h is the bottom 
depth for a barotropic flow such as the Southern 
Ocean; Marshall 1995). To conserve its 
potential vorticity over a shallowing 
topography, an eastward flow such as the 
ACC deviates equatorwards, whi le it bends 
back polewards after crossing the topographic 
obstacle. Such northward deviations of the 
southern ACC flows across the Scotia Arc and 
Figure 2.4: Mass streamfunction (Sv) of fluid 
parcels of the ACC negociating a variable 
bottom topography while conserving 
potential voracity, showing the northward 
deviation of the ACC flow in the Scotia Sea 
and at the Kerguelen Plateau. Figure from 
Marshall (1994) and Rintoul et a!. (2001). 
the Kerguelen Plateau results in the influx of cold waters into the areas close to the islands, 
which may further increase nutrient input and therefore biological productivity (Ward et al. 
2002). 
Locations downstream of intense ACC bathymetric steering are further characterized by 
intensification of the PF (in terms of increased cross-frontal widths and temperature 
gradients), decreased large-scale frontal meandering, but increased mesoscale activity and 
eddy formation (Moore et al. 1999b; Sallee et al. 2008). The Scotia Sea and Kerguelen 
Plateau are among the regions where these effects are the strongest in the Southern Ocean 
due to the strong bathymetric steering of the ACC (Moore et al. 1999b). Mesoscale 
features such as eddies have been shown to be locations of increased biological 
productivity and biomass accumulation (Rodhouse et al. 1996; Pakhomov & Froneman 
2000; Nel et al. 2001 ; Strass et al. 2002; Dragon et al. 2010), and may therefore increase 
structuring and predictability in patterns of biological activity in the ocean. The prominent 
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steering effect of the rugged bathymetry of the Scotia Sea and of the extended Kerguelen 
Plateau further increases the stability of oceanographic features in these areas. In the Scotia 
Sea, the frontal jets are more variable and more widely spread out than in the Drake 
Passage, but still form a series of intense currents navigating through narrow deep channels 
formed by complex bottom topography (Orsi et a1. 1995; Belkin & Gordon 1996; Sokolov 
& Rintoul 2009). Eddies of apparent high spatial stability have been identified in the area 
to the north of South Georgia associated with bathymetric features in the flow of the PF 
and SACCF (Rodhouse et a1. 1996; Trathan et al. 1997; Trathan et a1. 2000; Thorpe et a1. 
2002b; Meredith et al. 2003a; Meredith et al. 2005), which have been reported to be 
explored by foraging albatrosses and king penguins (Rodhouse et a1. 1996; Trathan et al. 
2008; Scheffer et a1. 2010; Scheffer et al. 2012). In the area to the south-east of Kerguelen, 
the immediate effects of the pronounced Kerguelen Plateau bathymetry lead to persistent 
patterns of flow channelling and upwellings along the south-eastern shelf break of the 
Kerguelen Plateau (Park et al. 1998; Park et a1. 2008b; Roquet et a1. 2009; Park & Vivier 
2011), which have been reported to be utilised by foraging king penguins and other marine 
predators (Charrassin et a1. 2004; Hindell et a1. 2011). 
Overall, the islands of South Georgia and Kerguelen appear to provide for favourable 
conditions for many breeding marine predators, being characterized by the presence of 
several frontal zones in proximity of the breeding colonies and by increased biological 
productivity through bathymetry-related upwellings as well as the intensification of ACC 
fronts and mesoscale activity. Stability in larger-scale frontal patterns through upstream 
bathymetric steering, and of mesoscale features through local bathymetry may lead to high 
levels of structuring and predictability of such biological resources in proximity of the 
islands, therewith increasing the profitability of the Scotia Sea and Kerguelen Plateau for 
foraging marine predators. 
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However, local oceanography and the location of the islands in relation to the different 
ACC frontal zones show important differences. In order to better understand the foraging 
behaviour of diving marine predators such as king penguins and to compare behavioural 
patterns at both study locations, it is necessary to have knowledge about detailed 
oceanographic patterns at both study Io'cations at the surface and at depth. 
2.1.1. Oceanography in the Scotia Sea and in the area to the north of South Georgia 
South Georgia is situated within the Antarctic Circumpolar Current (ACC) flow in the 
Scotia Sea part of the southwest A tIantic Ocean, with the Polar Front (PF) to the north and 
the Southern ACC Front (SACCF) close to the island. Upstream of the Scotia Sea, the 
ACC fronts are channelled at their narrowest meridional constriction within Drake Passage 
and then diverge as the ACC enters the Scotia Sea (Orsi et al. 1995; Brandon et al. 2004). 
In the Scotia Sea, the Scotia Arc rises from depths of 3000 - 5000 m as a chain of islands 
from the Antarctic Peninsula to the tip of South America. It represents one of the major 
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Figure 2.5: Oceanography and bathymetry of the Scotia Sea. ACC fronts are shown in 
black, bathymetry in grey shades. SAF: SubAntarctic Front; PF: Polar Front; SACCF: 
Southern ACC front; SB: southern ACC boundary. NWGR: North West Scotia Rise; MEB: 
Maurice Ewing Bank. Figure from Murphy et al. (2007). 
36 
bathymetric obstacles in the path of the ACC, significantly deviating the frontal flows to 
the north (Marshall et al. 1995; Orsi et al. 1995; Moore et al. 1999b). Much of the central 
abyssal plain of the Scotia Sea is 3000 - 4000 m deep, with pronounced submarine 
structures and seamounts such as the North West Georgia Rise (NWGR), the North East 
Georgia Rise (NEGR) and the Maurice Ewing Bank (MEB) in the area to the north of 
South Georgia. The combination of strong flow and mixing in an area of rugged 
bathymetry makes the Scotia Sea one of the most physically energetic regions of the 
Southern Ocean (Murphy et al. 2007b).The rugged bathymetry of the Scotia Sea plays an 
important role in determining the ACC frontal paths, but also for circulation patterns in the 
inter-frontal zones. 
In contrast to most other king penguin breeding colonies which are located north of the PF 
(Bost et al. 2009), South Georgia is situated south of the PF. The PF deviates northward 
after exiting the Drake Passage and crosses the complex bathymetry of the North Scotia 
Ridge and passes over the southern edge of the MEB (Trathan et al. 1997; Trathan et al. 
2000; Moore et al. 1999b). Recurrent warm-core rings presumably related to bathymetric 
features have been reported within the PF flow in the area to the north of South Georgia to 
the east of the MEB and on the north-eastern tip of the NEGR (Trathan et al. 1997; Trathan 
et al. 2000; Rodhouse et al. 1996; Scheffer et al. 5Ot--~~-~--~--. 
2010). 
The flow regime close to South Georgia is dominated 
by the SACCF, which is deflected northward by the 
South Scotia Ridge and loops anticyclonically around 
the South Georgia peri-insular shelf before 
retroflecting north of the island (Orsi et al. 1995, Thorpe 
et al. 2002b, Meredith et al. 2003a; Boehme et al. 2008a) 
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Figure 2.6: Path of the SACCF 
in the Scotia Sea, showing 
the presence of an eddy to 
the north of South Georgia. 
Figure from Thorpe et al. 
(2002). 
at - 36°W. The SACCF flow is rich in nutrients (Ward et al. 2002), and hosts a high 
biomass of zooplankton (M urphy et a l. 2004). The Antarctic Zone (AAZ) is situated 
between the PF and the SACCF; it is characterized by the meeting of cold Antarctic waters 
and warmer surface waters from the PF. A complex eddy fie ld has been described in the 
AAZ north of South Georgia as well' as a warm-core anticyclonic circulation at around 
52°S, 35°W (Thorpe et al. 2002b; Meredith et al. 2003b). 
Vertical sections across the SACCF flow to the north of South Georgia show cold Winter 
Water (WW) layers centered around 100-150 m depth (Ward et al. 2002; Brandon et al. 
2004), as well as doming of isopycnals associated with the SACCF flux (Ward et al. 2002). 
Such isopycnal doming appears to result in the presence of Circumpolar Deep Water 
(CDW) at depths <250 m in some locations close to the northern shelf break of South 
Georgia (Brandon et al. 1999; Brandon et al. 2004; Thorpe et al. 2002b; Ward et al. 2002; 
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Figure 2.7: Oceanographic t ransect of water 
temperature in the area to the north of 
South Georgia, showing the presence of 
cold-water layers between 100-200 m depth, 
and local isopycnal doming associated with 
the SACCF flux. Figure from Ward et al. 
(2002). 
2.1.2 Oceanography over and around the Kerguelen Plateau 
The Kerguelen archipelago is located within the flow of the Antarctic Circumpolar Current 
(ACC) in the south Indian Ocean, with the Sub-Antarctic Front (SAF) situated to the north 
and the Polar Front (PF) and Fawn Trough Current (FTC) to the south. The Kerguelen 
Plateau is a major bathymetric feature of the Southern Ocean, significantly altering the 
flow of the ACC, including the deeper ACC flow (Park et al. 1998; Park et al. 2008b; 
Sokolov & Rintou12009; Park & Vivier 2011). To the southwest of the Kerguelen Plateau, 
the PF and the FTC are separated by a distance of up to eight degrees of latitude, but they 
are steered by the local topography of the Kerguelen shelf and finally closer together close 
to the outlet of the Fawn Trough in the Australian-Antarctic Basin (52°S, 82°E) (Park et al. 
2008b). The juxtaposition of these flows of different origin and with different properties 
creates a dynamic zone characterized by enhanced mixing and strong gradients, which in 
turn enhances biological productivity (Lima et al. 2002; Thomas & Emery 1988). Iron 
enrichment by the island mass effect further increases production in the waters downstream 
of the Kerguelen Plateau (Blain et al. 2001 ; Blain et al. 2007). 






Figure 2.8: Schema of the 
general circulation over and 
around the Kerguelen 
Plateau. Discontinuous bold 
lines indicate subsurface 
western boundary currents. 
Figure from Park et al. 
(2008). 
The Northern Kerguelen Plateau is characterized by a complex topography (Park et al. 
2008b Fig.2.9), which significantly impacts the local circulation (Park et al. 2008b; Roguet 
et al. 2009; van Wijk et al. 20 I 0; Park & Vivier 2011). There are differing opinions in the 
literature concerning the exact frontal pathways over the Kerguelen Plateau (Orsi et al. 
1995; Belkin & Gordon 1996; Park et' al. 2008b; Park & Vivier 2011; Roguet et al. 2009; 
Sokolov & Rintoul 2009; van Wijk et al. 20 I 0), mostly due to the complex interaction of 
oceanography with the bathymetry of the Kerguelen Plateau and the use of different 
criteria (SST, SSH, SST gradients, ChI-a, subsurface characteristics) and threshold values 
for frontal definition. 
Figure 2.9: 3D view of the 
complex bathymetry for depths 
shallower than 2000m over the 
Northern Kerguelen Plateau. 
Figure from Park et al. (2008). KI: 
Kerguelen Islands, HMI: 
Heard/McDonald Islands. 
Most recently the PF has 
been identified to flow eastwards across the northern Kerguelen Plateau just south of 
Kerguelen (Park et al. 1998; Charrassin et al. 2004; Park et al. 2008b, Park & Vivier 20 11 ). 
It then flows anticyclonicalIy around the island (along the 200-500m isobaths) from the 
south-east and continues its flow north-eastward along the eastern continental shelf and 
then again south-eastwards along the east of the Kerguelen Plateau (Park & Vivier 2011). 
The FTC is a strong current flowing along the southern edge of the Northern Kerguelen 
Plateau through the Fawn Trough. The Fawn Trough (FT) is a deep passage (<2800m) 
separating the Southern and the Northern Kerguelen Plateau, joining different separated 
flows of the upstream Enderby Basin and therefore channelling an important part of the 
ACC flow (Park et al. 2008b; Roguet et al. 2009). The FTC has been assigned to different 
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ACC fronts based on altimetry (SACCF: Park et al. 2008b; Park & Vivier 2011; SPF: van 
Wijk et al. 20 I 0). For simplicity we refer to the flow passing the Fawn Trough as the Fawn 
Trough Current (Roquet et al. 2009), and will comment on frontal patterns later in the 
discussion. Despite differences in the interpretation of surface signatures, based on 
subsurface signatures the FTC is characterized by the northern limit of Winter Water 
(WW), corresponding to the subsurface temperature minimum (T miD) of O°C situated at 
around 100 m depth (Roquet et al. 20 I 0), and the southern limit of Upper Circumpolar 
Deep Water (UCDW), corresponding to the mid-depth temperature maximum (T max) of 
2°C (Roquet et al. 20 10; van Wijk et al. 20 I 0; Park & Vivier 20 I I). 
T (0C) 
Figure 2.10: Temperature section 
across the Fawn Trough from Heard 
Island to the Southern Kerguelen 
Plateau along a south-easterly 
transect. WW can be identified by 
the O·C isotherms, UCDW by the 2·C 
isotherms at greater depths. Figure 
modified from Roquet et al. (2010). 
Flowing east from the Fawn 
Trough passage, most of the FTC is deflected south-eastwards by the Chun Spur, a 
pronounced bathymetric feature at the south-eastern end of the Kerguelen Plateau. 
However, while all the deep flow (T max, -400 m depth) is deviated to the south by the 
Ch un Spur barrier, a part of the shallower waters (corresponding to the T min layer, cold 
WW, - \ OOm depth) is advected northwards across the Chun Spur to the south-east of 
Kerguelen (Park et al. 2008b; Roquet et al. 20 \ 0). Because of its unique characteristics of 
cold waters of Antarctic Zone origin, these waters originating from the FTC can be clearly 
distinguished from the warmer surrounding waters (Roquet et al. 20 I 0). 
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The cold WW advected from the Fawn Trough over the Chun Spur flows northwards along 
the eastern shelf break of the Kerguelen Plateau, forming a cold-water subsurface tongue 
that can extend up to the latitude of Kerguelen (Charrassin et al. 2004; Park et al. 2008b; 
van Wijk et al. 2010), where it reaches depths of -100 m (Charrassin et al. 2004). Its 
northward extension appears to be variable, but the factors affecting the flow are not well 
understood. 
The northern Kerguelen Plateau to the south of Kerguelen is characterized by relatively 
weak currents between the PF and the FTC (Park et al. 2008b; Park & Vivier 2011). 
Internal tides, generated by the interaction of tidal currents and slope bathymetry, play an 
important role for oceanographic processes by ~nhancing vertical mixing in the water 
column (park et al. 2008a). These internal tides are of high frequency (semidiumal) and 
highly non-linear, with isopycnal displacements of up to 80 m at depths of 80-200 m (Park 
et al. 2008a). Turbulence resulting from the internal tides is the principal driving force for 
elevated vertical mixing and iron uptake in the water column (Mongin et al. 2008; Maraldi 
et al. 2009). The high frequency and non-linearity of the internal tides makes the area over 
the plateau to the south of Kerguelen highly dynamic. Due to the enhanced mixing and 
upward transfer of iron in the water column from the internal tides, the area over the 
northern Kerguelen Plateau is characterized by high primary productivity in comparison 
with surrounding areas (Mongin et al. 2008; Park et al. 2008b). These enhanced and 
spatially restricted sources of primary production have important implications for the 
regional marine foodweb, including predators (Park & Vivier 2011) such as king penguins. 
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2.2 The king penguin (Aptenodytes patagonicus) 
Penguins are a distinctive group of flightless, long-lived pelagic seabirds. The penguin 
family (Speniscidae) consists of 18 existing species (Williams 1995), but 16 to 19 
according to some authors. Penguins only occur in the Southern Hemisphere, where they 
show a wide distribution from the Equator to the Antarctic continent. In most breeding 
locations penguins form large colonies of several thousands up to hundreds of thousands of 
pairs during the breeding season between Austral spring and autumn (approximately 
November - March). 
Penguins are well adapted to their aquatic life, with a streamlined body and wings that are 
used as flippers. In contrary to other diving seabirds, penguins have lost their flight 
capacity. Their adaptation to aquatic life is therefore not constrained by flight adaptations, 
and various physiological characteristics make them excellent divers. The streamlined 
body reduces drag, and the wings evolved into flippers allow efficient underwater 
propulsion. Solid, dense bones increase the body density and help to overcome buoyancy 
when diving. The relatively short feet are pressed against the tail to aid steering while 
moving under water (Williams 1995) and are not used for propulsion as in some species 
such as cormorants and shags (Sato et al. 2007). 
During the breeding period, the individuals within a breeding pair alternate foraging trips 
at sea with periods on land when they engag~ in incubation or chick guarding activities. 
The penguins' foraging behaviour at sea, particularly during the breeding season, when 
they are normally unobservable, can be studied by equipping individuals with micro-
electronic devices that record different activity patterns. Such devices are generally 
deployed just before the birds departure to sea, and recovered after its return to the colony. 
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The king penguin (Aptenodytes patagonicus, Miller 1778) is the second largest penguin 
after the emperor penguin . Adults are 85 - 95 cm tall and weigh 12 - 16 kg, with 
anatomical characteristics varying among breeding locations. King penguins breed on 
many of the sub-Antarctic islands between 45°S and 55°S within a distance of 400 km of 
the Antarctic Polar Front (PF) (80st et al. 201 2). Current estimates of their world 
population suggest ~ 1,600,000 breeding pairs; however these numbers are thought to be 
underestimated as most counts only include successful breeders in January and do not 
generally include fail ed or late-nesting pairs (80st et al. 201 2). The largest breeding 
populations are still on Crozet Island with around 61 2,000 - 736,000 pairs (corresponding 
to about 50% of the global population), ~342,000 on the Kerguelen Islands, ~ 450,000 on 
South Georgia Island, 150,000 - 170,000 on Macquari e Island and ~80,000 on Heard 
Island (see review in 80st et al. 2012). These large numbers make king penguins an 
important component of the Southern Ocean food web (Woehler 1995). There are two 
subspecies recognised; Aptenodytes patagonicus patagonicus which breeds in the south 
Atlantic and Aptenodytes patagonicus halli which breeds in the Southern Indian Ocean. 
South Georgia and Kerguelen are two of the main breeding locations for king penguins 
(Woehler 1995; see 8 0st et al. 20 12). Our study was carried out at the Hound 8 ay colony 
on the north coast of South Georiga (54°23' S, 36° 15' W), and at the Ratmanoff colony on 
the east coast of Kerguelen (49° 14' S, 700 33'E). 
Figure 2.11: The Ratmanoff king penguin breeding colony at Kerguelen. 
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Breeding cycle: 
Like many other seabirds, king penguins are long-lived, lay one egg during each breeding 
cycle and take months to rear their chicks. The king penguins' breeding cycle extends over 
more than one year (14-15 months), which is the longest among seabirds (Weimerskirch et 
al. 1992, see Fig. 2.13). After a moulting period of around 22 days on land, the penguins 
have to replenish their energy reserves at sea before starting reproduction. The first adults 
arrive at the colony to breed in early November. After courtship and egg-laying, the female 
goes to sea to feed, leaving the male in charge of the first incubation shift. The male stays 
fasting on the egg without food for approximately 21 days, when the female returns to the 
colony to take her turn incubating the egg. The chick hatches after approximately 54 days 
Figure 2.12: A king penguin couple during 
incubation at the moment of the exchange 
of the egg, and the hatched chick still on the 
feet of the adult. 
of incubation (Stonehouse 1960). During 
incubation and the early phases of chick-
rearing, the parents take turns to incubate 
the egg or brood the young chick on their 
feet, thus undergoing prolonged periods of 
fasting ashore while the partner is foraging 
at sea (Stonehouse 1960; Groscolas 1990). 
Hatching usually occurs from mid-January 
to February, both parents alternate brooding 
duties and foraging trips of 4-1 2 days. After 
about one month around mid-February, the 
chicks covered in down are thermally 
emancipated and group into creches. Both 
parents then resume foraging trips to 
provide their growing offspring with food . By the end of Austral summer (mid-April), the 
almost fully grown chicks have gained substantial fat reserves (Cherel et al. 1993) to 
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overcome the fasting period during austral winter. During Austral winter (May -
September), the adults desert the colonies for extended period (Weimerskirch et al. 1992) 
and forage in areas further south near the pack-ice (Charrassin & Bost 2001; Bost et al. 
2004) due to the scarcity of prey in the areas around their breeding colonies (Charrassin & 
Bost 2001). If the chick survives the long fasting period during winter (up to five months 
of fasting, Cherel et al. 1987), the parents return to chick-feeding by mid-September with 
recovery of chick growth until fledging around mid-November. Parents then have to 
undergo moulting before they breed again. 
Raising a king penguin chick usually takes 10 to 13 months. This results in the inability to 
breed successfully every year. Thus the breeding . cycle is asynchronous in king penguins 
(Olsson 1996; Weimerskirch et al. 1992), where successfully reproducing birds can only 
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start to breed late in the subsequent year due to the long time necessary to fledge a chick, 
moult and recover sufficient body reserves for on-land fasting. This usually allows the 
adults to raise only I chick every other year (Weimerskirch et al. 1992). 
During the breeding season, king penguins undergo important energy constraints, as the 
continuous presence of one adult is required on land with the egg/chick, and the other has 
to forage at sea. Penguins therefore acquire large body reserves prior to their arrival on 
land for breeding (Weimerskirch et al. 1992; Cherel et al. 1993; Gauthier-Clerc et al. 
2001). Insufficient body reserves may induce or result in complete breeding failure, where 
parents may sometimes abandon their egg or chick and return to forage at sea before their 
partner's return to the colony (OIsson 1997; Groscolas et al. 2000; Gauthier-Clerc et al. 




Figure 2.13: King penguins breeding cycle, showing the asymmetry in the different periods 
of reproductive and foraging activities over the course of two years. Figure from Bost et 
al. (2012). 
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Foraging ecology: Prey and at-sea behaviour: 
King penguins are highly adapted to their oceanic li fe, with a streamlined body and wings 
that are used as powerful flippers for underwater propulsion. They can stay at sea for 
extended periods and swim long distances. Their foraging trips to the Polar Front can last 
over 20 days where the penguins can swim distances of over 1000 km with a mean 
swimming speed of 4-7 kmlh (80st et al. 1997; Charrassin & 8 0st 200 I ; Trathan et al. 
2008; Scheffer et al. 2010). 
Figure 2.14: King penguins 
under water, showing their 
streamlined body and the 
use of their flippers as 
wings in adaptation to the 
aquatic life. Photo credit: 
Ingrid Visser. 
King penguins main ly feed on lantern fis h or myctophids (more than 90% of their diet per 
biomass), small schooling mesopelagic fis h, and squid (Cherel & Ridoux 1992; Olsson & 
North 1997). Among penguins, the two Aptenodytes species, the emperor and the king 
penguin , are the best divers in terms of depth and duration. King penguins can dive to 
depths of more than 350 m (Kooyman et al. 1992; Piltz et al. 1998; Charrass in et al. 1998, 
1999; Charrassin & 80st 2001 ; 80st et al. 2007). Mean forag ing depths are between 100 -
200 m, increasing between incubating and creching (Charrassin et al. 2002) and during 
winter (Moore et al. 1 999a). 
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Figure 2.15: Histogram of the maximum dive depths of king penguins, showing 
the bimodal distribution of shallow travel dives (O-sOm depth) and foraging dives 
(>sOm depth). Dive data used are from 8 king penguins randomly selected from 
the dataset used in this thesis (1 penguin/year). 
Myctophids, king penguins ' main prey 
Myctophids, or lantern fishes , are small mesopelagic fish of the large family Myctophidae, 
and are found in the oceans worldwide. In the Southern Ocean, myctophids represent a 
major biomass resource (estimated 70 - 200 million tonnes, Lubimova et al. 1987) and 
food resource for a variety of marine predators, providing for an important alternative 
trophic pathway to the more commonly discussed krill-based system (Perissinotto & 
McQuaid 1992; Georges et al. 2000). 
Despite their ecological importance, data on the distribution and ecology of Southern 
Ocean myctphids are relatively scarce (Collins et al. 2008). Oceanographic patterns appear 
to play an important role in the distribution of myctophids, as they are generally associated 
with particular water masses or temperature ranges (Hulley 1981, Kozlov et al. 1991 , 
Coil ins et al. 2012, Fielding et al. 2012), as well as with fronts and related oceanographic 
features (Brandt et al. 1981 , Kozlov et al. 1991, Pakhomov et al. 1996, Rodhouse et al. 
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1996). Strong thermal gradients such as the thermocline appear to represent particularly 
favourable conditions for myctophid to aggregate (Brandt et aI. 1981, Kozlov et aI. 1991). 
The occurrence of strong thermal gradients at shallow depths is therefore thought to lead to 
dense and shallow myctophid aggregations at the Polar Front (PF), particularly during dusk 
and dawn when king penguins are able to exploit shallow myctophid resources before their 
descent to greater depths during daytime (Bost et aI. 2002). 
Myctophids represent the main prey for king penguins (Cherel & Ridoux 1991; Olsson & 
North 1997). The horizontal and vertical distribution of myctophids is therefore thought to 
play a key role in the foraging behaviour of king penguins (Bost et al. 2002). However, 
detailed information about the distribution of myctophid as well as the composition of king 
penguin diet (different myctophid species, squid) is scarse, and varies between locations. 
Therefore, some statements concerning king penguins diet and/or foraging behaviour in 
relation to the distribution of myctophids in the watercolumn remain partly speculative. 
Population development and potential threats: 
King penguin populations have been increasing since the 1970's (Weimerskirch et aI. 
1992; see review in Bost et al. 2012) after strong population declines in the 19th and early 
20th century due to the rendering of birds for their oil to fuel the boilers during the sealing 
industry. King penguin populations are now increasing or have stabilized at all breeding 
colonies, and the species has been listed in the Least Concern category on the International 
Union for Conservation of Nature (mCN) Red List of Threatened Species (mCN 2011). 
However, possible change in the availability of their main prey resulting from 
environmental change is one of the main threats to king penguins (Bost et al. 2012). 
Warming sea surface temperature~ in the penguins' foraging areas leading to decreases in 
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sea-ice extent and southward shifts of the PF, one of the main foraging areas of king 
penguins during summer (Bost et al. 1997; Guinet et al. 1997; Charrassin & Bost 2001; 
Bost et al. 2009a), is thought to significantly impact the distribution of king penguins' prey 
and therewith the bird's foraging behaviour and success, and ultimately their population 
development (Le Bohec et al. 2008; Peron et al. 2012). However, such impacts of changes 
in prey availability from environmental change may not only be negative, but may also 
represent future opportunities of better access to prey resources for king penguins in some 
locations. 
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2.3 Tracking of king penguins foraging behaviour: 
At-sea movements of king penguins were followed using ARGOS (PIT Telonics StIO; 
PTT Sirtrack Kiwisat 101) and Global Positioning System (GPS: Navsys Track-Tag; 
Sirtrack Fastloc) tracking for analyzing their movements at the sea surface, and Time-
Depth-Temperature-Recorders (TOR, Mk7 and Mk9 devices) for tracking their dive 
behaviour. Combining observed penguin behaviour with oceanographic data at the surface 
and at depth allowed me to explore how animals adjust their horizontal and vertical 
movements in response to their environment. The size of tracking devices has signi ficantly 
reduced over the past few years, allowing for fine-scale tracking of animals with a minimal 
effect on their behaviour (see Ropert-Coudert & Wilson 2005 ; Hooker et at. 2007). 
(a) (b) 
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Figure 2.16: Tracking devices for penguins surface and underwater movements. 
(a) A Fastloc GPS device. 
(b) A Mk9 TDTR device with external fast-responding temperature sensor. 
Tracking of king penguins was carried out during the breeding period during the Austral 
summer between December and February, following birds during their incubation and 
broodguard foraging trips. Birds were selected in the colony during the exchange of the 
egg between the return of one adult to the colony and the departure of their partner. The 
departing birds were then captured after they had left the colony but before they entered 
the sea. Devices were attached using methods modified from Wilson et at. 1997. Briefly, 
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devices were attached using quick-drying two-part glue and waterproof Tesa tape. To aid 
the recovery of devices, all birds were marked on their front with coloured hair dye. After 
the birds returned from a single foragi ng trip, the devices were recovered. 
(a ) (b) 
Figure 2.17: a-b: King penguin equipped with a GPS and TOR 
device, and with colour marking on the front. Cod: equipped 
king penguin departing to sea for its foraging trip. Photo 
credits: Alex Chevallier. 
Analysis of surface and diving data: 
Surface movements from satellite and GPS tracking data was analysed using foraging trip 
parameters such as total distance and duration of the trip as well as maximum distance 
from the colony as indicators of the total foraging trip effort. Furthermore I used the degree 
of straightness of a foraging trip as a measure of the directedness of foraging to a particular 
location (straightness index). To analyse changes in surface movements I considered the 
rate of turning in the foraging track as an indicator for search effort for prey at different 
scales. I used First Passage Time analysis (Fauchald & Tveraa 2003), which is a current 
index for the quantification of animals search behaviour. Based on this method, 
behavioural states of travel or search behaviour were assigned to each at-sea location of the 
penguins . 
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Analysis of diving behaviour throughout the foraging trip was based on the TDR data. 
Dive parameters that are thought to be reliable indicators for characterising dive behaviour 
(e.g. Kooyman et al. 1992; Piitz & Cherel 2005) were investigated and related to the 
horizontal tracking data. These dive parameters were maximum dive depth, dive duration, 
duration of the bottom period when the penguin is between 75% and 100% of the 
maximum depth and the number of bottom undulations (wiggles). Bottom time and 
number of bottom undulations are thought to be reliable indicators for feeding among 
penguin species (Takahashi et al. 2004; Bost et al. 2007, Halsey et al. 2007), and was used 
to identify feeding behaviour. 
Combining behavioural with oceanographic data: . 
I undertook a simultaneous analysis of king penguin GPS and ARGOS satellite tracking / 
data and time-depth-temperature recordings overlaid on environmental datasets. This 
integrated approach allowed a detailed visualisation of penguin movements and activities 
in the three dimensions of their habitat. The environmental datasets of water temperature, 
sea surface height and bathymetry were combined to create a detailed 3-dimensional image 
of the environmental conditions in the foraging areas, and to identify oceanographic 
structures within the foraging area of tracked animals. Finally I overlaid the penguin 
behavioural recordings on the environmental images in order to identify most favourable 
foraging conditions with regards to oceanographic features at the surface and at depth. 
For the characterization of the marine environment used by the penguins during their 
foraging trips I used a combination of remote-sensing and in-situ data. Remote-sensing 
technologies record environmental data in high resolution through satellites and allow 
continuouS monitoring of environmental conditions even in remote or inaccessible areas. 
To characterize oceanographic conditions at the surface and identify distinct features in the 
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foraging area of king penguins, I used Sea Surface Temperature (SST), Sea Surface Height 
(SSH) as well as geostrophic velocity data. 
SST data: SST data characterizes the ocean temperature at its surface. For the analysis of 
tracking data in relation to SST I used OSTIA (Operational Sea Surface Temperature and 
Sea Ice Analysis) SST data from The Met Office (FitzRoy Road, Exeter, UK). OSTIA 
provides gap-free foundation SST values, SSTfnd, defined as the temperature of the water 
column at the surface free of diurnal temperature variability (daytime warming or 
nocturnal cooling) from interpolation of satellite and in-situ data. More details about 
OSTIA are available at http://ghrsst-pp.metoffice.com!pagesnatest analysis/ostia.html. 
SSH and geostrophic velocities: Sea Surface Height (SSH) is the height of the ocean's 
surface compared to an accepted reference height. SSH reflects the strength of oceanic 
currents and gradients, and makes oceanographic features such as thermal fronts and 
eddies clearly apparent. Geostrophic velocities characterize the gradient in SSH, indicating 
the strength and direction of an ocean current. SSH and geostrophic velocities data 
provided by the A VISO altimetry satellites 
(http://www.aviso.oceanobs.com!enldatalproducts/sea-surface-height-
products/globallmadtlindex.html) were used. 
Bathymetry data: Bathymetry characterizes the relief of the ocean floor. This parameter is 
important as it plays an important role in oceanographic processes such as conditioning the 
flows of ocean currents, and impacting vertical ,processes such as upwellings. In this study 
I used the Smith and Sandwell Global Seafloor Topography from Satellite Altimetry and 
Ship Depth Soundings (NOAA and Scripps Institution of Oceanography) (Smith & 
Sandwell 1997). More details for the dataset are available at 
http://gcmd.nasa.gov/recordslGCMD SIO NOAA SEAFLOORTOPO.html. 
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Vertical temperature data: 
Vertical temperature values were obtained from the external TDR Mk9 sensor data TDR 
Mk9 temperature sensors provide high quality data (accuracy 0.1 ° C±0.05°C, Simmons et 
al. 2009), and were therefore used for determining the properties of the water column 
encountered during penguin dives. For each dive, temperature data that were recorded 
during the descent and ascent phases were projected onto a vertical axis corresponding to 
the maximum depth of the dive and averaged at I-m depth intervals. This resulted in 
regularly gridded temperature data in the vertical plane, and facilitated calculation of the 
average potential differences in the water column properties encountered during the 
descent and ascent phases due to horizontal movements of the penguins. A 5m moving 
average filter was then applied to the temperature profiles, allowing for correction of any 
potential measurement errors from the TDR temperature sensors without smoothing out 
thermal discontinuities in the water column. To compensate for the surface heating effect 
by direct sun exposure and penguin body temperature on the temperature sensors 
(McCafferty et al. 2007), temperature values collected between 0 and 10 m were replaced 
by the value measured at 10 m depth during the ascent. Based on the regularly gridded 
temperature profiles I calculated the vertical water temperature gradient for each depth 
point; this was estimated as the temperature difference between 25 m above and 25 m 
below the given depth point (temperature gradient depth window based on visual 
inspection of dive-temperature profiles). Temperature gradients near to the depth extremes 
of a dive were calculated using the maximal depth range possible (limited by the surface 
for points <25 m depth, and by the maximal dive depth for points >maximum depth-25 m). 
The resulting possible bias in gradient values may only impact the depth range between the 
maximum depth range of a dive and 25 m above, as dives shallower than 50 m were not 
considered for analyses of foraging behaviour. In my analyses, a temperature gradient of 
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+ I thus corresponds to a temperature increase of I QC per 50 m depth, -I to a temperature 
decrease of I QC per 50 m. 
The combination of the tracking and dive data allowed me to create a detailed 3-
dimensional image of the king penguins activity in the ocean. The 3-dimensional 
environmental map containing water temperature, sea surface height and bathymetry 
allowed me to evaluate the penguins' behaviour in the context of the environmental 
conditions encountered during their foraging trips, and to identify key features of prey 
searching behaviour and feeding. 
(a) 
Figure 2.18: Horizontal movements 
of a king penguins' foraging trip 
overlaid on a map of remotely 
sensed Sea Surface Height and 
geostrophic velocities. Arrows 
indicate the travel direction of the 
tracked king penguin during its 
foraging trip. 
Water 
temperature (' C) 
Figure 2.19: a - Depth-temperature profile of a king penguins' foraging trip recorded 
by a TOR device. Colour indicates the in-situ recorded water temperature. Depth and 
time allowed me to identify fine-scale movements of the penguin, indicating prey 
pursuit. b- Zoom into a dive profile, showing the individual dives (without 
temperature data, illustrating only the zoomed underwater movements). The putative 
position of prey are shown as an illustration. 
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Ethics and animal welfare in the context of field experiments in animal behaviour 
Behavioural studies on animals such as the tracking of their movements have a central role 
in ecology and ethology. However, while carrying out any fieldwork or experiments on 
animals it is important to respect all animals, and to have consideration for their capacity of 
suffering and memory, and potential pain, distress or lasting harm. In some fields of 
scientific research on animal behaviour it is nevertheless necessary to use the animals 
where there is a reasonable expectation that the results will lead to a significant advance in 
knowledge or be of overall benefit for the animals. In this context the aim is to limit the 
use of animals for scientific purposes, trying to replace such methods whenever practical 
and to reduce the impact on the animals as much as possible. 
The Scientific Committee on Antarctic Research (SCAR), an inter-disciplinary committee / 
of the International Council for Science (ICSU) is charged with the initiation, development 
and coordination of international scientific research in the Antarctic. The ethical concerns 
about fieldwork on animals in Antarctica are covered by the SCAR Code of Conduct for 
the use of Animals for Scientific Purposes in Antarctica, which provides guidelines for 
researchers carrying out studies involving experiments on animals. 
Biologging is a field where the use of animals is indispensable, and methods used have 
been recognized to have potential impacts on the animals. It is therefore important to 
conduct biologging fieldwork under strict consideration of the above issues, and ensure 
that procedures with potential negative effects on the animals are kept to a minimum where 
unavoidable. The miniaturization of biologging devices over the past decade has 
contributed to reduce the impact of such studies on the animals. All fieldwork involved in 
contributing to my thesis work was conducted under these guidelines, and ethical approval 
has been given by the BAS Ethics Review Committee (ERC). 
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Chapter 3 
Foraging behaviour of king penguins 
breeding at South Georgia 
Manuscript published in 
Scheffer, A, Bost, CA, Trathan, PN (2012): Frontal zones, temperature gradient and depth 
characterize the foraging habitat of king penguins at South Georgia. Marine Ecology 
Progress Series 465, 281-297, doi: 10.3354/meps09884. 
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3.1 Abstract 
Investigating the responses of marine predators to oceanographic structures is of key 
importance for understanding their foraging behaviour and reproductive success. Using 
Global Positioning System (GPS) an~ Time-Depth-Temperature-Recorder (TDR) tags, we 
investigated how king penguins breeding at South Georgia explore their foraging area over 
the summer season in both the horizontal and vertical dimensions. We determined how 
horizontal habitat use may relate to different Antarctic Circumpolar Current (ACC) frontal 
zones and associated thermal structuring of the water column. To study the penguins' use 
of the water column, we examined foraging niches defined by temperature, temperature 
gradient and depth, and explored the importance of these thermal properties for prey 
pursuit. King penguins foraged within the Polar Front (PF) and its southern edges during 
incubation, and the Antarctic Zone (AAZ) and Southern ACC Front (SACCF) during 
brooding. Foraging niches became more distinct with the advancing summer season, 
defined by strong thermal gradients at shallow depths in the AAZ, and weak gradients at 
greater depths in the SACCF. These niches indicate foraging in the sub-thermocline Winter 
Water (WW) in the AAZ, and in deep WW and Circumpolar Deep Water (CDW) at the 
SACCF. The influence of different ACC frontal zones in the area to the north of South 
Georgia appears to provide for a horizontally and vertically segregated environment. The 
presence of optional foraging areas and niches close to the colony clearly play an important 




The behaviour and distribution of marine predators are generally thought to be determined 
by the location of their prey, but influenced by specific time and energy constraints. Prey 
distribution is strongly influenced by the structure of the marine environment (Owen 1981, 
Franks 1992), which is determined by physical properties such as temperature and 
temperature gradient. They govern the concentration of nutrients in the water column 
(Lima et al. 2002), which in turn influence the distribution and abundance of planktonic 
organisms and, hence, higher trophic levels including the prey of apex predators (Owen 
1981, Lutjeharms et al. 1985, Schneider 1990). Surface features such as oceanographic 
fronts arise from where different water masses meet (Schneider 1990), and are, therefore, 
locations where different habitats as well as strong physical gradients occur in a spatially 
restricted area. Such a heterogeneous environment may be crucial for the existence of 
distinct foraging niches for predators. 
King penguins are one of the most important avian consumers in the Southern Ocean 
(Woehler 1995). They feed mainly on myctophids (Cherel & Ridoux 1992, Olsson & 
North 1997), mesopelagic fish that are generally associated with particular water masses or 
temperature ranges (Hulley 1981, Kozlov et al. 1991, Collins et al. 2012, Fielding et al. 
2012), as well as with fronts and related oceanographic features (Brandt et al. 1981, 
Kozlov et al. 1991, Pakhomov et al. 1996, Rodhouse et al. 1996). Among diving birds, 
king penguins are able to forage at depths of o~er 300 m (Charrassin et al. 2002), and are 
known to use thermal discontinuities for foraging (Charrassin & Bost 2001). However, we 
still have little detailed understanding about how these predators may explore the thermal 
structure of the water column in different marine environments, and how habitat use may 
be adjusted depending upon changing constraints. 
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King penguins experience changing time and energy constraints over the summer breeding 
season (Charrassin et al. 2002, Halsey et al. 2010). During incubation (December to 
February), each parent alternately incubates and then returns to sea to restore its body 
reserves in 2 to 3 week long foraging trips (Bost et al. 1997). After hatching, chick rearing 
(February to March) causes increased energy demand since the chick must be provisioned 
regularly (Charrassin et al. 1998). It is likely that changes in foraging behaviour reflect 
how these predators access the most profitable oceanographic structures according to their 
time and energy constraints. In this context, the thermal structuring of the foraging area 
and the presence of different foraging niches may play an important role (Charrassin & 
Bost 2001). 
South Georgia is situated within the Antarctic Circumpolar Current (ACC), the most 
pronounced feature of the Southern Ocean circulation (Rintoul et al. 2001). It includes 3 
major deep-reaching fronts, from north to south, the SubAntarctic Front (SAF), the Polar 
Front (PF) and the southern ACC Front (SACCF) (Orsi et al. 1995). The PF is an important 
foraging area for incubating king penguins at South Georgia (Trathan et al. 2008, Scheffer 
et al. 2010). However, there is no information on how changing breeding constraints may 
affect foraging behaviour, and how this may relate to local oceanography. For king 
penguins, foraging areas close to the SACCF have not yet been considered, despite the key 
role of this front for the Scotia Sea ecosystem (Thorpe et al. 2002b, Thorpe et al. 2004, 
Ward et al. 2002, Murphy et al. 2004) and its close proximity to the breeding colonies at 
South Georgia. We know very little about features in the vertical dimension that may 
restrict efficient foraging for diving predators such as king penguins, or how this may 
relate to any changing constraints for these birds. Identifying such features and their 
association with different oceanographic areas may increase our understanding of how 
horizontal habitat use by diving predators is related to their exploration of the water 
column. This may be of importan~e in the context of environmental change, and any future 
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potential effects on king penguin populations (Le Bohec et al. 2008, Forcada & Trathan 
2009, Peron et al. 2012). 
We investigated how king penguins breeding at South Georgia explore their available 
foraging area over the summer season in the horizontal and vertical dimensions. Using a 
combination of Global Positioning System (GPS) tracking and time-depth-temperature 
recorders (TOR), we addressed the question of how horizontal habitat use may relate to 
different ACC frontal zones and associated thermal structuring of the water column, and 
how diving behaviour, presumably targeting particular niches in the water column, 
changed accordingly (see p.9 for the definition of "niche"). The results are discussed in the 
context of environmental variability and the potential vulnerability of diving predators 
such as king penguins to future environmental change. 
3.3 Material and Methods 
3.3.1 Study area, study period and device deployments 
The study was conducted at the Hound Bay king penguin breeding colony on the northeast 
coast of South Georgia (54.23° S, 36.15° W) during the austral summers of 2005 to 2006 
and 2006 to 2007. In total, 17 adult breeding king penguins were tagged: (1) during 
incubation in December 2005 to January 2006 (Early Incubation, n = 4, female), (2) during 
late incubation in January to February 2007 (Late Incubation, n = 4, unknown sex) and (3) 
during brooding (n = 9, unknown sex). Brooding birds were subsequently distinguished 
into Brooding I and Brooding II based on behaviour (see 'Results'). 
The horizontal movements of penguins were tracked by Track-Tag GPS loggers (Navsys; 
further details of Track-Tag are available at www.navsys.com!Products/tracktag.htm). 
which require only 60 ms to store raw GPS data. Devices were programmed to record 
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positions at 60 s intervals and were equipped with a saltwater switch to delay acquisition 
while birds were under water. Loggers, with batteries and housing, weighed 55 g «0.5% 
of body mass) and measured 35 x 100 x 15 mm «0.7% of the cross sectional area of the 
body). Diving behaviour was recorded by TDR (Wild life Computers). TDR devices were 
programmed to record depth and water temperature at I s intervals when wet. Recordings 
during surface periods were halted by a saltwater switch and re sumed when the bird 
restarted diving. The resolution of depth recordings was 0.5 m. TDRs weighed 30 g 
«0.25% of body mass) and measured 15 x 100 x 15 mm (Mk9) and 10 x 90 x 20 mm 
(Mk7) «0.5% of the cross sectional area of the body). Of the 17 penguins equipped with 
GPS devices, 13 of them had Mk9 TDR with external fast-responding temperature sensors, 
2 had Mk7 TDR and 2 were without TDR devices. Devices were attached using methods 
modified from Wilson et al. 1997. All devices were recovered after a single foraging trip 
(varying between 5 and 23 d). In 2007, all tracked birds were weighed before leaving for 
sea and after their return to land to determine body mass gain during the foraging trips. 
3.3.2 Oceanography of the study area 
South Georgia is a sub-Antarctic island situated within the path of the ACC, with the PF to 




Figure 3.1: South Georgia and 
the Antarctic Circumpolar 
Current (ACe) frontal positions in 
the Scotia Sea. Fronts are shown 
by thick grey lines, the sOOm and 
1000m isobaths are marked in 
dark grey. Frontal positions are 
from Orsi et al. 1995 and Trathan 
et al. 1997; 2000. SAF: Sub-
Antarctic Front; PF: Polar Front; 
SACCF: Southern ACC Front, SB: 
Southern ACC Boundary. 
penguin breeding colonies which are located north of the PF (Bost et al. 2009), South 
Georgia is situated south of the PF. The PF is commonly defined as the location where 
cold Antarctic subsurface waters sink below warmer sub-Ant arctic waters (Deacon 1933), 
corresponding to the northernmost extent of the subsurface temperature minimum, < 2°C 
near 200 m depth (Belkin & Gordon 1996). 
The flow regime close to South Georgia is dominated by the SACCF, which loops 
anticyclonically around the South Georgia peri-insular shelf before retroflecting north of 
the island (Orsi et al. 1995, Thorpe et al. 2002b, Meredith et al. 2003a) at -36°W. The 
SACCF flow is rich in nutrients (Ward et al. 2002), and hosts high biomass of zoo plankton 
(Murphy et al. 2004). The Antarctic Zone (AAZ) is situated between the PF and the 
SACCF; it is characterized by the meeting of cold Antarctic waters and warmer surface 
waters from the PF. A complex eddy field has been described in the AAZ north of South 
Georgia as well as a warm-core anticyclonic circulation at around 52° S, 35° W (Meredith 
et al. 2003a). Recent definitions of ACC fronts and zones in terms of Sea Surface Height 
(SSH) allow the identification of such features from altimetry data (Sokolov & Rintoul 
2009, Venables et al. 2012), and the assignation of specific thermal profiles to frontal 
zones (Venables et al. 2012). In the Scotia Sea, the vertical structure of the water column 
includes the Surface Mixed Layer (SML), and the underlying cold Winter Waters (WW) 
originating from the previous winter mixed layer. The SML and WW are separated by a 
thermocline, a strong vertical temperature gradient of variable extent and intensity. Below 
the WW layer (from -250 to 300 m), temperatures rise towards 2°C, characterizing the 
Circumpolar Deep Water (CDW). 
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3.3.3 Oceanographic data 
SSH data 
Changes in SSH encountered by the penguins over their foraging trips were analyzed using 
Aviso (www.aviso.oceanobs.com) absolute dynamic topography (ADT) data. We used 
Near-real time (NRT) data available at a higher temporal resolution than the delayed time 
(DT) products. Data were available at a spatial resolution of 113° x 113° and a bi weekly 
temporal resolution. SSH values at each dive location were estimated by searching for the 
geographically nearest value within the corresponding dataset. 
Vertical temperature data 
Vertical temperature values were obtained from the external Mk9 sensor data after 
applying appropriate temperature correction factors from the device calibration data sheets 
(Wildlife Computers). Mk7 temperature data were not used due to long response times of 
the internal temperature sensors. Mk9 temperature sensors provide high quality data 
(accuracy O.loC ± 0.05°C; temperature sensor lag Is, Simmons et a1. 2009), and were, 
therefore, used for determining the properties of the water column encountered during the 
penguins' dives. To compensate for the surface heating effect by direct sun exposure and 
penguin body temperature on the temperature sensors (McCafferty et al. 2007), 
temperature values collected between 0 and 10 m were replaced by the value measured at 
10 m depth during the ascent The vertical water temperature gradient for each recorded 
depth point was also calculated; this was estimated as the temperature difference between 
25 m above and 25 m below the given depth point. Temperature gradients near to the depth 
extremes of a dive were calculated using the maximal depth range possible (limited by the 
surface for points <25 m depth, and by the maximal dive depth for points >max. depth 25 
m). The resulting possible bias in gradient values may only affect the depth range between 
the maximum depth range of a dive and 25 m above, as dives < 50 m were not considered 
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for analyses of foraging behaviour (see Data analysis). A temperature gradient of 1 thus 
corresponds to a temperature increase of I°C per 50 m depth, -1 to a temperature decrease 
of I°C per 50 m. 
3.3.4 Data analysis 
Data analyses were performed using Matlab (MathWorks) and the custom-made software 
Multi- Trace (Jensen software systems). 
Analysis of surface and diving behaviour 
GPS data were filtered to remove positions with navigation class >2, where class 
categories were 0: good, 1:· altitude aided, 2: marginal position dilution of precision, and 3: 
bad. For each bird, we calculated trip duration, distance covered, max. distance from the 
colony and the furthest latitude south reached. Exact departure and return times from and 
to the island were determined from the TDR data. A foraging zone coefficient (FZC) was 
calculated as the total trip length (km) divided by the max. distance from the colony (km) 
(modified from Guinet et at. 1997, Hull et at. 1997), indicating the degree of directness or 
looping of a foraging trip. 
A zero offset correction was applied on the dive data. Only dives >50 m depth were used 
for analysis, as they were considered to represent the majority of king penguins foraging 
dives (PUtz et at. 1998, Charrassin et at. 2002). Diving behaviour was analysed by 
calculating the following dive parameters: dive depth, dive duration, bottom duration (the 
. 
time between the first and last wiggle or dive step deeper than 75% of the maximum dive 
depth, following Halsey et al. 2007), the number of wiggles (deviations> 1 m of depth with 
an absolute vertical instant> 0) as a proxy of feeding success (Bost et al. 2007) and 
broadness index (bottom duration:dive duration, indicating the proportion of a dive used 
for the bottom period, see Halsey et at. 2007 for more details). Furthermore, we determined 
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the total vertical distance travelled per day, the dive frequency, the percentage of 
submerged time compared to the total time at sea, and the percentage of submerged time 
spent at depths> 150 m as proxies of foraging effort. As king penguins are visual feeders 
and essentially forage during the daylight and twilight hours (Bost et al. 2002), night dives 
were excluded from the analyses. 'Exact sunrise and sunset times were calculated as 
described in Scheffer et al. (2010). Geographical coordinates at the start of each dive were 
interpolated based on time from the GPS data, assuming straight line travel and constant 
speed between 2 location points (Weavers 1992). 
Principal Component Analysis (PCA) was carried out on 15 variables characterizing 
foraging behaviour (surface movements and diving behaviour, see Table 3.1 for the 
complete listing of all PCA variables), allowing identification of the main variables 
accounting for differences in foraging behaviour as well as behavioural groupings of birds. 
Dive parameters among grouped birds were compared using Kruskal-Wallis statistics as 
tests for normality failed (Jarque Bera test) and transformations did not help the data to 
conform to the normality assumption. When significant differences were found among 
groups, an all pairwise multiple comparison (Dunn's method) was performed to determine 
the groups that differed from the others. 
Analysis of horizontal and vertical habitat use 
The horizontal habitat use of king penguins was analysed with respect to trip orientation 
relative to the different ACC fronts. The ACC fronts and zones were defined based on SSH 
signatures following Venablt~s et al. (2012). The penguins' vertical habitat use was 
analysed with respect to the exploration of depth and thermal properties of the water 
column-relative to the ACC fronts. We considered the bottom phases of dives, which is 
thought to be the most important phase for prey capture (Charrassin et al. 2002, Simeone & 
Wilson 2003, Ropert-Coudert et al. 2006). Kernel density estimations of bottom periods of 
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the different foraging groups were computed on SSH and depth using a Gaussian Kernel. 
These were then overlaid on the vertical thermal structure of different ACC frontal zones 
following Venables et al. (2012). This allowed us to analyse the penguins' use of the water 
column with respect to depth and thermal structures relative to frontal zones. 
Detailed use of the water column by the penguins while foraging was analysed by 
considering depth, temperature and temperature gradient during the bottom periods of the 
dives. Analyses were carried out on data with a resolution of 1 Hz. Contour plots of bottom 
periods of dives >50 m on depth - temperature gradient and temperature - temperature 
gradient axes allowed us to evaluate the penguins' use of the water column, and to identify 
the target of different water masses by the different foraging groups. To identify water 
masses from the water characteristics targeted by the penguins, we defmed 4 water masses 
based on water temperature (T) and temperature gradient (gradT): thermocline waters (T?: 
1.5; gradT < 0), WW in proximity ::;25 m of the thermocline (T < 1.5; gradT < 0), WW 
deeper than 25 m below the thermo cline (T < 1.5; gradT?: 0), COW (T?: 1.5; gradT?: 0). 
Wiggles occurrence and influencing factors 
As wiggles are good proxies of prey capture attempts in penguins (Takahashi et al. 2004, 
Bost et al. 2007, Hanuise et al. 2010), we examined water characteristics where wiggles 
occurred, with respect to temperature and temperature gradient. We used logistic 
regression models to quantify relationships between water properties and the occurrence of 
wiggles for individual as well as for grouped birds. For the regression models, we included 
temperature and temperature gradient data for dives >50 m depth with a temporal 
resolution of 1 s, after testing for non-correlation using Pearson's correlation coefficient. 
The predictor of wiggles occurrence was a combination of the water temperature, the 
values and the absolute values of the temperature gradient, taking into account the 








performances between wiggle presence and absence, we used risk score plots (Royston & 
AItman 2010). Risk score plots allowed us to graphically compare the densities of the risk 
score (linear predictor) in the event and no-event group (occurrence and non-occurrence of 
wiggles). The overlap of the risk score densities determined the discrimination 
performance of the model : the larger the overlap, the weaker the discrimination. 
3.4 Results 
3.4.1 Identification of different foraging groups 
We distinguished 4 foraging groups characterized by differences in breeding stage as well 
as foraging characteristics (Fig. 3.2, Tables 3. 1, 3.2 & 3.3). The groups were Early 
Incubation (n = 4), Late Incubation (n = 4), Brooding I (n = 3) and Brooding II (n = 4). The 
peA of foraging parameters showed the separation of the 4 foraging groups, and allowed 
the identification of the main variables accounting for the differences (Fig. 3.2, Table 3.1). 
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Figure 3.2: Principal component analysis of the 
foraging parameters in the different foraging 
groups. The component loadings of the variables 
are listed in Table 1. 
tU 
Depth range index -0.0336 -0.1832 
Bmadness index ~.I306 ~.2522 
Vertical distance:day 0.1422 -0.0198 
Trip duration -0.4662 0.3432 
Trip1ength -0.487 0.2627 
MaL distance fram rolooy -0.3902 0.1557 
Table 3.1: Principal component 
analysis of the foraging 
parameters: Component loadings 
of the different variables. 
distances travelled. These variables separated the Brooding 11 from the Incubation groups, 
with the Brooding I birds spread out in between. Brooding 11 birds were characterized by 
the shortest horizontal (Table 3.2) and longest daily vertical (Table 3.3) distances travelled. 
The second principal component was mainly loaded with variables of underwater foraging 
behaviour, separating the Brooding I birds from the Incubation and Brooding 11 groups. 
Brooding I birds were characterized by a dominant bottom phase, high wiggle numbers 
and a high dive frequency (Table 3.3). Brooding 11 birds showed the deepest and longest 
dives with the shortest bottom periods (Table 3.3). Broadness index was highest for 
Brooding I birds and lowest for Brooding 11 birds (Table 3.3). A main variable influencing 
both principal components was the proportion of dive time spent at depths > 150 m, 
separating the Brooding 11 birds from the Incubation and Brooding I groups (Fig. 3.2, 
Table 3.1). 
3.4.2 Trip orientation and foraging areas 
All trips were oriented to the north towards the SACCF, AAZ and PF waters, with birds of 
different breeding stages targeting different foraging areas (Fig. 3.3) and showing different 
foraging trip characteristics (Table 3.2). Early Incubation birds undertook the most 
extended foraging trips, where increased SSH values indicated PF and Polar Frontal Zone 
(PFZ) waters. Late Incubation birds targeted areas at the southern edge of the PF and in the 
AAZ. 
Brooding birds undertook shorter trips into areas south of the PF. Brooding I birds showed 
highly directed foraging trips into AAZ waters, indicated by low Foraging Zone 
Coefficient (FZC) values. Brooding 11 birds were characterized by less directed foraging 
trips into the SACCF or its northern boundary. 
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(c) Brooding I 2007 (n = 4) (d) Brooding 11 2007 (n = 5) 
Figure 3.3: Tracks of GPS-equipped king penguins from South Georgia during summer 2005/06 
and summer 2007 with the major ACC fronts in the Scotia Sea (a-d). Incomplete tracks are due 
to tag memory limitations and/or insufficient time at the surface to collect GPS satellite 
ephemerides. Frontal zones are based on Sea Surface Height (SSH) definitions from Venables 
et al. (2012). Frontal positions shown on the maps correspond to the mean positions over the 
trip period of the corresponding foraging group. PFZ: Polar Frontal Zone; PF: Polar Front; 
SACCF: Southern ACC Front; SB: Southern ACC Boundary. 
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Bird ID Date of deployment Trip duration Trip length Mu. distance Min .o S FZC 
and recovery (d) (km) from colony (km) rea:hed 
Early Incubation 
8 23.12.2005-13.01.2006 19.9 2077 642 49.84 3.2 
9 28.12.2005-18.01 .2006 19.5 2291 522 49.77 4.t 
10 30.12.2005-17.01.2006 16.4 1880 520 49.83 3.0 
11 30.12.2005-23 .01.2006 23.2 2510 537 49.73 4.7 
Mean :t:SE 19.7 t: 1.4 2190 ± 136 556 ± 29 49.79± 0.03 4.0 ± 0.3 
Late Incubation 
C5 02.02.2007-20.02.2007 17.3 1585 435 50.77 3.7 
C7 02.02.2007-2.02.2007 20.3 1506 409 50.72 3.7 
C9 03.02.2007-26.02.2007 23.2 1690 558 51.82 3.t) 
CtO 03.02.2007-17.02.2007 13.4 1150 445 50.40 2.0 
Mean t: SE 18.6 t: 2.t 1483 ± 117 462 ± 33 50.93±0.31 3 .2 ± 0.3 
-..J I Brooding I 
w H5 09.02.2007-17.02.2007 6.1 610 234 5i.S5 2.0 
H9 (no TOR) 12.02.2007- 19.02.2007 6.2 559 227 5l .5 2.5 
P3 18.022007-01 .03 .2007 9.1 925 317 51.67 3.1 
PS 18.02.2007-28.02.2007 7.0 822 346 51.32 2.9 
Mean:t: SE 7 .1±0.7 729:t: 87 281 ± 30 52.01±0.31 2.8 ± 0.1 
Brooding 11 
H3 09.02.2007-16.02.2007 5.1 491 190 52.98 2.0 
H6 (no TOR) 10.02.2007-16.02.2007 5 .5 490 159 53.04 3.1 
P4 18.02.2007-25.02.2007 6 .0 517 163 53.50 3.2 
PlO 27 .02.2007-04 .03 .2007 4.8 430 112 53.44 3.9 
T4 28.02.2007-06.03 .2007 5.5 629 247 5i.20 2.t 
Mean:t: SE 5.4 ± 0.2 512±33 174 ± 22 53.03:0.23 3 .0 ± 0.3 
Table 3.2: Trip parameters for individual birds in the different foraging groups (FZC = Foraging Zone Coefficient). 
Ta ble 3.3: Dive parameters fo r individual birds in the different foraging groups. KW = Kruskal Wallis test with p<O.OOl. 
Dunn's test was perfo rmed with p<0.05. The foraging groups show significant differences from others as indicated (all : 
all other foragi ng groups; Inc: Early and late incubation; BI: Brooding I; BII : Brooding 11). 
Bird ID Dive depth Dive Bottom Wiggles Broadness Tolal VD Total dives % of lime sub-
(m) duration (5) duration (5) per dive index (kInd-I ) per day merged >150 m 
Early Incubation 
8 117.8 246.5 61.6 6.3 0.26 300.5 268.5 2.3 
9 130.2 259.0 73.1 8.0 0.28 300.2 209.4 4.7 
10 129.0 287.4 92.2 9.1 0.32 266.1 171.0 3.5 
11 126.0 260.5 82.6 12.4 0.32 301.8 583.0 3.4 
Mean :t:SE 125.7:t: 2.8 263.3:t: 8.6 77.4:t: 6.6 9.0 ± 1.3 0.30:1: 0.02 295.1 ± 9.7 308.0 ± 93.8 3.5 ± 0.5 
Lale Incubation 
C5 134.2 246.8 61.9 10.5 0 .25 310.1 412.5 4.1 
-...J C7 128.8 260.9 73.3 7.4 0.28 315.1 249.7 4.1 
~ C9 144.1 258.6 54 .1 1.1 0.21 297.1 261.3 4 .6 
ClO 122.5 251.4 57.8 5.7 0.23 36t.2 361.5 3.1 
Mean±SE 132.4 * 4.6 254.4 * 3.3 61.8 * 4.1 1.7 ± 1.0 0.24 ± 0.02 321.8 ± 14.6 321.2 ± 39.4 4 .0 ± 0.3 
Brooding I 
H5 145.1 256.0 70.9 9.7 0.28 43-1 .8 327.3 6.4 
P3 118.0 249.8 96.2 14.6 0 .39 317.1 254.2 2.0 
P5 111.3 239.0 81.0 10.4 0 .34 333.6 355.4 2.1 
Mean *SE 124.8 ± 10.3 2.(8.3 * 4.7 82.1±7.4 11.6* 1.5 0.33:1:0.03 361.8±36.8 312.3±30.2 3.5 ± 1.4 
Brooding 11 
H3 163.8 272.2 57.9 8.8 0.21 432.2 294.2 8.4 
P4 201.9 308.4 52.1 6.5 0.17 377.5 249.0 10.8 
PlO 183.4 288.8 55.5 5.3 0.19 437.6 199.0 12.7 
T4 175.8 294.2 68.1 11.4 0.24 42-1 .9 366.4 9.6 
Mean:t: SE 181.2 :t: 8.0 290.9:t: 7.5 58.4 :t: 3.4 8.0 ± 1.3 0.20:1:0.01 418.0±13.8 277.2±35.5 10.4 ± 0.9 
KW & Dunn's lest all BI-BII BI-BII BI BI-BII Inc-B1&BD BII Bn 
3.4.3 Vertical habitat use 
Penguins in the different foraging groups showed differing use of the water column in the 
various ACC zones (Fig. 3.4), targeting different depths, water temperatures and 
temperature gradients during the bottom periods of the dives (Fig. 3,5). Early Incubation 
birds foraged in the SACCF, the AAZ, the PF and occasionally in PFZ waters, and 
explored a broad temperature range of -1 to 6°C, with temperature gradients between 0.5 
and -3°C per 50 m. The thennocIine and WW appeared to be the most important water 
masses for bottom times, but there was no clear concentration of bottom times in specific 
parts of the water column. Late Incubation birds foraged in the SACCF and in the AAZ to 
the southern edge of the PF. Bottom periods were directed into waters of -0.5 to 2°C and 
temperature gradients of up to -4°C per 50 m. Shallow and deep WW were the most 
targeted water masses. Brooding I birds showed highly focused targeting of shallow waters 
of strong thennal gradients in the AAZ. Bottom periods were directed into similar 
conditions to those of Late Incubating birds, but more focused on strong gradients in 
shallow WW. Brooding 11 birds concentrated their foraging activity in SACCF waters, 
where they dived to depths of 100 to 300 m. Bottom periods occurred in a restricted range 
of temperature and temperature gradient of -0.5 to 2°C and -0.5 to O.5°C per 50 m, 









Figure 3.4: Kernel densities of bottom times for the different foraging groups (a-d). Density contours 
encompass 20, 50 and 90% of the bottom time distributions. Temperature profiles on Sea Surface 
Height (SSH) and dept h with ACC front limitations from Venables et al. (2012). 
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Figure 3.5: Environmental niches in the water column targeted by the different foraging groups (a-d). Plotted are bottom times of all dives 
deeper than 50 m on temperature, temperature gradient and depth axes. Contours encompass 10, 25, 50 and 90% of the bottom times of 
each foraging group. Black dotted lines indicate the limits of the water column characteristics used for the definition of the water masses 
(see Material and Methods). TH = Thermocline; WW1 = shallow Winter Water close to the thermocline; WW2 = deeper Winter Water; COW = 
Circumpolar Deep Water. 
3.4.4 Wiggles occurrence and influencing factors 
For incubating birds, the correlations between wiggle occurrence and water properties were 
generally weak. when considered over an entire foraging trip. In the PFZ, Iow water 
temperature appeared to play a more important role for wiggles occurrence than the 
temperature gradient (Fig. 3.6 a,b). The logistic regression model showed that wiggle 
occurrence was greater at negative water temperature gradients for Brooding I birds, and 
increasing with positive gradient for Brooding 11 birds (Fig 3.6c,d). Correlations were 
stronger for Brooding I than for Brooding II birds. Risk score plots indicated better model 
discrimination performances for conditions of wiggles absence than of wiggles presence 
for all birds, and reduced performances for ~ouped birds compared to the analysis of 
single birds. 
3.4.5 Body mass gain of tracked penguins 
Brooding 11 birds had highest body mass gains per day as well as in relation to horizontal 
and vertical distances travelled. Brooding I birds showed higher mass gains per day and 
distances travelled than the Incubation group (Table 3.4). 
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Figure 3.6: Wiggles occurrence as a function of water temperature and temperature gradient, 
and corresponding risk score plots for model discrimination performance. Output of the 
logistic regression model and risk score plots for a - one Early Incubation and b - one late 
Incubation bird. Early Incubation includes data from only within PF and PFZ waters, late 
Incubation includes data from the entire trip. c,d - Model output and risk score plot for (c) 




Table 3.4: Body mass at start and end of foraging trips as well as total body mass gain per day and per distance 
travelled for king penguins tracked in 2007. HO = horizontal distance; VD = vertical distance. 
Bird ID SlaTI wm;)ht Eod \VQight Mas;; gain 
(1:g) (kgl (Icy dol) (1:g per 100 km HD) (ky PST ICO km VD, 
Late lnoabalica 
Q 11.4 1504 0.23 0.25 0.07' 
e1 11.4 17 () 0.23 C),34 0.00 
C9 11.0 142 0,'14 0.19 (l05 
Cl0 11.8 146 0 .21 0 .2~ 0.00 
llli.gaD ± SE t Lt ~ 0.2 15.3 :0,6 0.21 :t: 0.03 0.26 ~ 0..04 (I.G? : 0.0 I 
Brooding I 
I H5 13,8 158 0 .33 0,33 0.00 
H9 13.8 169 0.=0 0.5.> no TOR 
P3 12.1 15 ' 0 ,33 0.32 (lID 
P5 14.1 170 0..42 /),3.> 0.l2 
MQaD±SE \1.5 ~ 0.5 16.2: 0.4 0.39 :t:O.04 O .Jg~0.06 0.10,;,0.01 
Brooding U 
HJ 14,0 168 0 .55 0,57 0.13 
H6 13.0 15 8 0.51 0.57 no TOR 
P4 13.8 159 0.35 0.41 (l~ 
PLO 12.0 14 5 0..46 C),53 OJO 
T4 15.1 179 0.58 0.44 0.14 
MesD± SE 13.5 ± 0.5 160 OA9 ±o.04 0.51 ± 0.04 0.12 ±0,01 
3.5 Discussion 
This is the first study to investigate how a deep diving avian marine predator changes its 
foraging behaviour and habitat use at a fine spatial scale, both vertically and horizontally. 
The major features of our study are: (1) King penguin foraging behaviour showed different 
horizontal and vertical patterns over the summer season, presumably in response to 
changing energetic constraints related to their breeding phase. Foraging trips during 
incubation extended to the PF, whereas brooding birds foraged exclusively south of the PF 
in AAZ and SACCF waters. (2) Diving behaviour was correlated with the thermal structure 
of the water column, with the vertical temperature gradient and depth appearing to play 
important roles for the separation of different vertical foraging habitats. (3) Structure in the 
hydrological environment south of the PF may allow foraging strategy adjustment in 
relation to changing constraints, and may offer important flexibility for king penguins in 
the context of environmental variability. 
3.5.1 Foraging areas in relation to frontal zones 
Areas used for foraging by king penguins changed over the course of the summer season. 
Birds explored the PF during early incubation and the waters between the PF and the 
SACCF later in the summer season. For seabirds, changes in foraging trip duration at 
different times of the breeding cycle are known to occur and are thought to be the result of 
changing time constraints arising from the need to supply the chick with food (Bost et a1. 
1997, Charrassin et a1. 1999, Lescroel & Bo'St 2005). However, in contrast with the 
situation at South Georgia, king penguins breeding at other locations have not been 
reported as changing their foraging areas between incubation and brooding (Bost et at. 
1997, Guinet et al. 1997, Sokolov et al. 2006). The accessible region to the north of South 
Georgia is influenced by 2 major ACC fronts, both representing potential areas of 
increased mesoscale variability (Trathan et al. 1997, Trathan et at. 2000, Moore et at. 
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1999b, Thorpe et al. 2002b, Meredith et al. 2003b), and, therefore, the possibility of 
alternative foraging locations for marine predators. The role of the PF has already been 
reported for king penguins breeding at South Georgia (Trathan et al. 2008, Scheffer et al. 
2010) and at other locations (Bost et al. 1997,2009, Moore et al. 1999a, Charrassin & Bost 
2001, Sokolov et al. 2006). At South Georgia, the AAZ and SACCF appear to provide 
alternative foraging areas closer to the colony. It may allow short foraging trips with low 
travel costs for birds with high time and energy constraints, as shown by brooding birds, 
and may, therefore, play a key role for king penguins. It may also be that seasonal changes 
in oceanography may lead to more favourable circulation patterns and/or increased 
productivity at the SACCF, making it a preferable foraging area for king penguins during 
brooding. 
The importance of the SACCF for the Scotia Sea ecosystem has been emphasised in 
previous studies (Thorpe et al. 2002b, Thorpe et al. 2004, Ward et al. 2002, Murphy et al. 
2004) due to nutrient enrichment resulting in increased phyto- and zooplankton· 
development, possibly resulting in increased myctophid densities associated with these 
more productive waters. In the AAZ, the meeting of Antarctic waters with warmer PFZ 
waters as well as the presence of SACCF eddies (Thorpe et al. 2002b, Meredith et al. 
2003a) may create areas of strong thennal gradients, where myctophids may aggregate 
(Brandt et al. 1981, Kozlov et al. 1991). Reduced vertical mixing in the AAZ compared to 
adjacent frontal areas may increase the stability of such thennal structures, therefore 
favouring associated prey patches (Spear et al. 2001). 
King penguins have already been reported to use mesoscale oceanographic features for 
non-~dom directed foraging during incubation at South Georgia (Trathan et al. 2008, 
Scheffer et al. 2010) and at Crozet islands (Cotte et al. 2007). Seasonal changes between 
foraging areas associated with different larger-scale oceanographic features of elevated 
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mesoscale activity support the hypothesis that king penguin alter their foraging behaviour 
at different spatial and temporal scales. 
3.5.2 Targeted foraging habitats in the water column 
Our detailed analysis of the time spent at the bottom of the dives, relative to frontal zones 
and to thermal structures in the water column, allowed us to determine the water masses 
explored by king penguins over the summer season, and how birds adjust their foraging 
niches according to breeding constraints. 
During December and January, incubating birds foraged in the SACCF, the AAZ and the 
PF, and targeted various thermal structures at different depths in the water column. 
Enhanced vertical mixing in frontal areas (Spear et al. 2001) may lead to increased spatial 
and temporal variability in thermal structures and associated prey resources. Such dynamic 
. prey distributions may be reflected by the less consistent targeting of specific depth-
temperature- gradient patterns of birds foraging in the PF compared to in the AAZ, and 
only weak correlation of wiggle occurrence with specific temperature gradients. 
Late Incubation and Brooding I birds mainly foraged in AAZ waters. Brooding I birds 
targeted shallow WW in close proximity to the thermocline, and the occurrence of wiggles 
Was correlated with strong thermal gradients. The importance of sub-thermocline prey 
aggregations has already been reported for dolphins (Scott & Chivers 2009), tuna 
. 
(Schaefer et al. 2007) and sunfish (Cartamil & Lowe 2004), and appears to be confirmed 
for king penguins foraging in the AAZ. CoIlins et al. (2008, 2012) found that certain 
rnyctophid species can be present at shallow depths during daytime in the AAZ in the area 
to the north of South Georgia. Strong thermal gradients of high stability may represent 
suitable conditions for stable myctophid aggregations at shallow depths, which have been 
83 
reported previously associated with warm-core rings in the Gulf Stream (Conte et al. 1986) 
and in the equatorial Atlantic Ocean, with tuna also exploiting these aggregations (Marchal 
& Lebourges 1996, Bard et al. 2002). The diving behaviour of Brooding I birds may 
indicate the presence of such pennanent myctophid layers at shallow depths of 70 to 110 m 
in the Scotia Sea, even though this has so far only been reported from more temperate 
regions. However, this hypothesis remains speculative as independent prey data was not 
available for our study. 
Brooding 11 birds showed significantly deeper dives than the other groups, mainly targeting 
waters with weak positive temperature gradients at the transition between deep WW and 
CDW in the SACCF. High body mass gains despite increased dive depths and reduced 
bottom times suggest increased foraging efficiency in these deep waters. Deep and long 
dives reported from king penguins at Crozet in autumn (Charrassin et al. 1998, 2002, 
Halsey et al. 2010) suggest seasonal changes in targeted prey similar to those observed at 
South Georgia for Brooding 11 birds. At Crozet, king penguins appear to compensate' 
increased costs for deeper dives in autumn by longer bottom times (Charrassin et al. 2002, 
Halsey et al. 2010). At South Georgia, king penguins seem to be able to increase foraging 
efficiency at the bottom of dives. The foraging area targeted by Brooding 11 birds may 
provide particular conditions of highly profitable prey resources at great depths, potentially 
enhanced by the higher nutrient content in areas with the SACCF influx into the Scotia Sea 
(Ward et al. 2002). 
3.5.3 Thermal structure ofthe water column and foraging 
The thennal structure of the water column and depth appeared to play a crucial role for the 
separation of foraging niches and the expression of different foraging patterns, especially 
with increasing constraints on the animals. Relative water structures have been suggested 
to play an important role for vertical movements of other marine predators such as tuna 
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and billfish (Brill et al. 1993, Brill & Lutcavage 2001, Brill & Lutcavage 2001), sunfish 
(Cartamil & Lowe 2004), dolphins (Scott & Chivers 2009) and basking sharks (Sims et al. 
2005). Foraging tuna and associated tropical seabirds have been reported to be more 
abundant in non-frontal areas characterized by lower vertical mixing and higher stability of 
vertical thermal structures (Owen 1981, Spear et al. 2001). King penguins are diving 
predators that target similar prey; they may, therefore, rely on the same criteria for 
favourable foraging habitats and show similar affinity with well structured waters, possibly 
reflected by targeting distinct niches in non-frontal or border areas by brooding birds. In 
addition to the importance of frontal zones for Southern Ocean marine predators (Bost et 
al. 2009), non-frontal or boundary areas with a higher stability of vertical thermal 
structures may also play a key role for diving predators such as king penguins, especially 
when constraints limit flexible travel times and behavioural adaptations to dynamic 
conditions at fronts. 
. The vertical temperature gradient appeared to be a main factor for foraging niche 
adjustment and explaining differences in prey pursuit behaviour (wiggle occurrence). 
Thermal gradients are locations of enhanced biological activity (Thomas & Emery 1988, 
Lima et al. 2002), resulting in the accumulation of biomass for various trophic levels, 
ranging from planktonic organisms to mesopelagic fish and ultimately upper trophic level 
predators. Being one of the most pronounced vertical temperature gradients in the ocean, 
the thermocline has already been suggested as an important feature for king penguins at 
Crozet (Charrassin & Bost 2001) as well as for other marine predators foraging in the 
Southern Ocean (Boyd & Arnbom 1991, Biuw et al. 2007) and in more temperate regions 
(Cayre & Marsac 1993, Kitagawa et at. 2000, Spear et al. 2001, Weng et at. 2009, 
Sepulveda et al. 2010). Our study underlines the crucial role of the thermocline for 
foraging king penguins breeding at South Georgia. It also demonstrates the possibility that 
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king penguins have alternate efficient foraging strategies for exploiting water masses 
where thermal gradients do not seem to be the main factor governing prey distribution. 
Our regression models have revealed some insights into the effect of thermal properties of 
the water column on king penguins foraging. However, variable regression coefficients 
between individual birds as well as the prevalence of Brooding I and Brooding 11 patterns 
on identical trip departure dates underline the fact that foraging strategies might not only 
relate to particular environmental conditions. Behavioural plasticity and individual factors 
(Svanback & Bolnick 2005, Sargeant et al. 2007) such as detailed breeding constraints, 
fitness and prior experience may also play a role. Lower model performances for wiggle 
presence than absence may result from the fact that favourable foraging conditions for king 
penguins are not only determined by the thermal structure of the water column, but may 
also be influenced by other factors governing prey distribution in a given environment such 
as stochastic processes and prey behaviour, or the presence of predators. 
3.5.4 King penguins' foraging and environmental variability 
Foraging behaviour of king penguins breeding at South Georgia appears to be structured 
both horizontally and vertically. Penguins targeted different foraging areas depending on 
their breeding constraints, and adjusted their foraging activity in the water column. So far 
such strong habitat selection and the presence of alternative foraging niches have not been 
reported for king penguins from other locations. Patterns described from Crozet suggest 
changes in foraging characteristics over the summer season similar to those described at 
South Georgia, with shortening of foraging trips and increasing dive depths. However, 
penguins in both the incubation and brooding stage target the PF, and foraging patterns 
appear . less diverse than those of king penguins at South Georgia with respect to trip 
characteristics, diving behaviour and the targeting of distinct niches in the water column 
(Charrassin et al. 1998, 2002, Charrassin & Bost 200 1). This may suggest that alternative 
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foraging areas closer to the colony, as reported from South Georgia, are not available at 
Crozet. 
For king penguins breeding north of the PF (Le. Crozet, Marion Island), the geographically 
nearest profitable myctophid aggregations may be found at accessible depths mostly at the 
PF and its northern edges, as myctophid species targeted by king penguins are known to 
increase in depth northwards of the PF (S. Fielding pers. comm.). This means that penguins 
breeding in these locations may depend to a higher degree on the PF. Predicted declines of 
king penguins due to environmental variability (Barbraud et al. 2008, Le Bohec et al. 2008, 
Peron et al. 2012) and shifts in the PF may, therefore, only relate to areas where the 
animals are highly dependent on the PF due to the lack of alternative foraging areas. Such 
predictions might be of lesser value for king penguins breeding at South Georgia. 
King penguins at South Georgia appear to be able to exploit profitable prey resources at 
the southern edge and south of the PF, either in terms of reduced depth in the AAZ or of 
increased profitability per catch effort at the bottom in SACCF waters. The area south of 
the PF may offer an elevated degree of foraging habitat segmentation to king penguins, as 
other structures than the PF may provide for profitable prey resources at accessible depths. 
King penguins from Heard Island, also located south of the PF, appear mainly to forage in 
the area to the east of the island (Moore et al. 1999a, Wienecke & Robertson 2006), a 
location influenced by the southern branch of the PF and the Fawn Trough current (Roquet 
et al. 2009, van Wijk et al. 2010). Foraging in areas outside or at the southern boundaries 
ofthe PF, areas characterized by cold water masses, may produce similar patterns to those 
at South Georgia. However, studies from Heard Island provide no information on diving 
behaviour in relation to the thermal structure of the water column, or on segregation of 
foraging areas. 
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Oceanography at South Georgia is known to be influenced by ENSO (El Nifio - Southern 
Oscillation) and SAM (Southern Annular Mode) as well as more direct atmospheric 
processes (Trathan & Murphy 2002, Meredith et al. 2008). However, different time lags 
between these events and the response in oceanography at South Georgia occur (Meredith 
et al. 2008), as well as temporal variation in the connections within the Scotia Sea 
ecosystem (Murphy et al. 2007). Our study includes reports of only one season per 
foraging group. Therefore, it remains open as to whether the patterns observed are a 
constant element in the foraging strategy of king penguins breeding at South Georgia, or 
whether they are a response to particular conditions during our study years. Nevertheless, 
the oceanographic patterns observed during our study appear to be consistent with general 
patterns described in the area to the north of South Georgia (Trathan et al. 1997, Trathan et 
al. 2000, Thorpe et al. 2002b, Meredith et al. 2003b, Brandon et al. 2004). Also, the 
temporal and spatial scales of the oceanographic features considered exceed the duration of 
the tracked foraging trips. Low sample sizes of the different foraging groups may raise 
questions about conclusions on general behavioural patterns at a population level. Even so, 
the foraging patterns observed during brooding indicate the presence of optional foraging 
niches close to shore at South Georgia, allowing foraging of potentially increased 
efficiency, at least in some years. This might also play a key role in potential responses of 
king penguins to environmental changes (Forcada & Trathan 2009), as optional foraging 





Foraging behaviour of king penguins 
breeding at Kerguelen in relation to oceanography 
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4.1 Abstract 
Investigating the responses of marine predators to oceanographic features in their foraging 
area is of key importance for understanding the animals' foraging behaviour and their 
reproductive success. In this stud?, we examined the foraging behaviour of king penguins 
breeding at Kerguelen (south Indian Ocean) in relation to oceanographic features in their 
foraging area. We used ARGOS and Global Positioning System (GPS) tracking together 
with Time-Depth-Temperature-Recorders (TDR) to follow the at-sea movements of king 
penguins. Combining the observed penguin behaviour with oceanographic data at the 
surface through satellite data and at depth through in-situ recordings by the penguins 
enabled us to explore how such predators adjust their horizontal and vertical movements in 
response to their physical environment. 
King penguins foraged in the area to the south-east of Kerguelen during incubation and 
brooding, which is dominated by an influx of cold waters of southern origin which 
interacts with Antarctic Polar Frontal (PF) waters. Incubating penguins extended foraging 
trips into offshore areas where they explored the PFZ, PF and AAZ. During brooding, the 
penguins foraged in areas closer to the colony with mainly PF signatures. Penguins of both 
breeding stages explored the cold-water influx in proximity of the Kerguelen Plateau shelf 
break, with foraging trips of incubating birds extending further south along the cold-water 
influx. Foraging at depth took mainly place in the Surface Mixed Layer (SML), the 
thermocline and Winter Water (WW), with patterns of WW exploration coinciding with 
the cold-water influx from the south. In southern areas, the penguins also explored 
Circumpolar Deep Water (CDW), which appeared to be related to the cold-water influx. 
Penguins of both breeding stages showed highest foraging performances in the SML and 
thermocline. Overall, the mesa-scale interaction of the cold-water influx with the PF 




The foraging behaviour of marine predators is dependent upon the horizontal and vertical 
distribution of their prey (Hunt et al. 1999). Prey distribution is, in turn, influenced by the 
physical properties of the water column, including such factors as temperature and 
temperature gradient (Owen 1981; Franks 1992); factors which also help characterize 
different water masses within the ocean. Thus, the horizontal and vertical patterns of water 
mass distribution also govern prey distribution in terms of species composition and prey 
patch properties, including patch density and size (Collins et al. 2008, 2012). 
Oceanographic structure and water mass distribution therefore play a crucial role for 
marine predators influencing their horizontal and vertical movements when seeking prey. 
The Southern Ocean hosts major biomasses of top predators such as whales, seals and 
penguins. King penguins are important avian predators of the Southern Ocean (Woehler 
1995; Bost et al. 2012). They rely mainly on myctophids (Myctophidae: lantern fish) 
(Cherel & Ridoux 1992), mesopelagic fish that are generally associated with particular 
water masses or temperature ranges (Hulley 1981; Kozlov et al. 1991) as well as with 
fronts and related oceanographic features (Brandt et al. 1981; Pakhomov et al. 1996; 
ROdhouse et al. 1996). The horizontal and vertical distribution of water masses is therefore 
of key importance for foraging predators such as king penguins. King penguins are known 
to explore their foraging habitat in a non-random way, targeting large- and mesoscale 
Surface features such as fronts and eddies (Cott~ et al. 2007; Trathan et al. 2008; Scheffer 
et al. 2010) as well as specific water masses and thermal features within the water column 
(Charrassin & Bost 2001; Scheffer et al. 2012) during prey search. However, we still have 
little knowledge about how these oceanographic features might be used as cues and so lead 
to efficient foraging, or about how an animal might be adapted to its local oceanographic 
COnditions close to its breeding location 
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The Kerguelen archipelago is situated on the extensive Kerguelen Plateau in the south 
Indian Ocean. The Kerguelen Plateau is a major bathymetric obstruction in the eastward 
flow of the Antarctic Circumpolar Current (ACC), significantly steering and channelling 
most of the deep-reaching ACC flow (Park et aI. 2008b; Sokolov & Rintoul 2009; Park & 
Vivier 20 11). The juxtaposition of flows of different origins and properties, local 
bathymetrically-related upwellings and channellings of flows (Park et aI. 2009; Roquet 
2010) together with iron enrichment from the island and peri-insular shelf (Blain et aI. 
2001; Blain et aI. 2007) create highly dynamic and productive areas downstream of the 
Kerguelen Plateau. The steering effects of the Kerguelen Plateau bathymetry may 
furthermore lead to increased spatial stability for some oceanographic processes, creating 
oceanographic features of high predictability in close proximity to various species breeding 
colonies (Cherel & Weimerskirch 1995; Guinet et al. 2001). Due to the high levels of 
productivity in the waters surrounding the island and given its relative isolation within the 
Southern Ocean, the Kerguelen Plateau hosts very high abundances of marine predators, 
including penguins, petrels and seals (Weimerskirch et al. 1989; Hindell et aI. 2011). 
The most prominent oceanographic features in the area to the south-east of Kerguelen are 
the Polar Front (PF) and the Fawn Trough Current (FTC), both of which are part of the 
ACC. The PF has been identified to flow eastwards across the northern Kerguelen Plateau 
just south of Kerguelen (Park et a!. 1998; Charrassin et al. 2004; Park et aI. 2008b, Park & 
Vivier 2011), then wraps anticyclonically around the island from the south-east to continue 
its flow north-eastward, and then flows again south-eastwards along the east of the 
Kerguelen Plateau (Park & Vivier 2011). The FTC is a strong current flowing along the 
southern edge of the Northern Kerguelen Plateau through the Fawn Trough, a deep passage 
(<2800 m) separating the Southern and the Northern Kerguelen Plateau and channelling an 
important part of the ACC flow (Park et al. 2oo8b; Roquet et aI. 2009). At depth, the FTC 
is characterized by the northern limit of Winter Water (WW), corresponding to the 
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subsurface temperature minimum (T min) of O°C situated at around 100 m depth (Roquet et 
al. 2010), and the southern limit of Upper Circumpolar Deep Water (UCDW), 
corresponding to the mid-depth temperature maximum (Tmax) of 2°C (Roquet et al. 2010; 
van Wijk et al. 2010; Park & Vivier 2011). Most of the FTC is deflected south-eastwards 
by the Chun Spur, a pronounced bathymetric feature at the south-eastern end of the 
Northern Kerguelen Plateau. However, a part of the shallower waters (corresponding to the 
cold WW layer, ~100m depth) is advected northwards across the Chun Spur to the south-
east of Kerguelen (Park et al. 2008b; Roquet et al. 2010). The cold WW advected from the 
Fawn Trough over the Chun Spur flows northwards along the eastern shelf break of the 
Kerguelen Plateau, forming a cold-water subsurface tongue that can extend up to the 
latitude of Kerguelen (Charrassin et al. 2004; Park et al. 2008b; van Wijk et al. 2010), 
where it reaches depths of ~100 m (Charrassin et al. 2004). Because of its unique 
characteristics of cold waters of Antarctic Zone origin, these waters originating from the 
FTC can be clearly distinguished from the warmer surrounding waters (Roquet et al. 
2010). 
King penguins are important avian predators breeding at Kerguelen (Bost et al. 2012), 
COmprising an estimated 342 000 breeding pairs, quickly increasing (Chamaille-Jammes et 
al. 2000; Bost et al. 2012, last estimate dating to 1999). During the summer season, king 
penguins generally explore the area to the south-east of Kerguelen during their brooding 
and creche foraging trips (Koudil et al. 2000; Charrassin et al. 2002; Bost et al. 2002; Piitz 
et al. 2002; Charrassin et al. 2004; Bost et al. 2011; Hindell et al. 2011). Studies on 
brooding birds have shown that birds forage in areas close to the shelf break, where they 
explore the subsurface tongue of cold water originating from the FTC (Charrassin et al. 
2002; Charrassin et al. 2004). However, there is currently no knowledge about the detailed 
foraging patterns of birds of different breeding stages, or the oceanographic features they 
explore in either the horizontal or vertical dimensions. 
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In this study we investigated the foraging behaviour of king penguins breeding at 
Kerguelen in relation to oceanographic features within their foraging area. Using Argos 
and GPS together with TDR tracking data, we studied the penguins' detailed surface and 
diving behaviour during incubation and brooding. Combining the behavioural data with 
remote-sensing (Sea Surface Temperature, Sea Surface Height) and in-situ (water 
temperature from the TDR sensors) data, we investigated how the bird's behaviour may 
relate to oceanographic features in the horizontal and vertical dimension such as frontal 
zones and different water masses at depth. 
4.3 Material and Methods 
4.3.1 Study area, study period and device deployments 
Our study took place at the Ratmanoff king penguin breeding colony on the east coast of 
Kerguelen Island (70.55°S, 49.24°E). The Ratmanoff colony is one of the most important 
breeding colonies at Kerguelen, comprising 52 000 of the estimated 342000 breeding pairs 
at Kerguelen (Bost et al. 2012). Fieldwork was conducted during the austral summers of 
1998 and 1999 and those between 2006 and 2011, generally between January and March 
and on incubating and brooding birds. In total 84 adult king penguins were tagged, 31 
, during incubation and 53 during brood. 
The horizontal movements of king penguins were tracked using two types of device: (I) 
Argos Platform Terminal Transmitters (PIT); and (2) Fastloc GPS loggers (Sirtrack, NZL) 
configured to record positions at 60 second intervals and equipped with a saltwater switch 




Diving behaviour was recorded with time-depth recorders (Mk9 devices; Wildlife 
Computers, Redmond, USA) with fast-responding external temperature sensors, allowing 
to investigate the penguins' diving behaviour in relation to their hydrological environment 
at depth. The TDR devices were programmed to record depth and water temperature at 1 s 
intervals; they weighed 30 g in air «0.25% of body mass) and measured 15 x 100 x 15 
mm «0.5% of the cross sectional area of the body). Information on the sizes, weights and 
years of use of the tracking devices are shown in Table 4.1.1. 
DEVICE Dimensions (cm) Section (cmZ) Weight (g) Years of use 
PIT: Telonics StlO 18.0· x 2.sb 4.9 270 1998-2002 
PIT: Sirtrack 13.8·x 14cx2.9d 4.1 208 2002-2012 
Kiwisat 101 
TOR: MK9 6.7" x1.7cx 1.1' 2.9 30 2002, continuing 
GPS: Sirtrack Fast 9.2" x 5cx2d 10 127 2010, continuing 
loc 1G-138A 
Table 4.1: Overview of sizes, weight and years of use of Argos PTT, GPS and TOR devices 
in the tracking of king penguins at Kerguelen used for this study. a:length; b= diameter: c: 
Width; d: height. All the dimensions are indicated in cm. 
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In total 38 birds were equipped with Argos and 7 with GPS devices only, 16 with TDR 
devices only, and 26 with both TDR and Argos/GPS. A summary of the number of tracked 
birds and device types deployed in the different years is given in Table 4.1.2. 
Devices were attached using methods modified from Wilson et al. 1997. All devices were 
recovered after a single foraging trip (varying between 5 - 51 days, some trip durations 
were unknown during 2010). Tracked birds were weighed before leaving for sea and after 
their return to land to determine body mass gain (BMG) during the foraging trip. 
Year Incubation 
1998 -
1999 4 Argos only 
2006 3 Argos + Mk9 
2007 2 Argos+ Mk9 




2010 9 Argos only 
2 Mk90nly 
2011 3GPS+ Mk9 
4 Mk90nly 
Total birds 31 
equipped 
Brooding 
15 Argos only . 
8 Argos only 
6 Argos + Mk9 
1 Argosonly 
5 Argos + Mk9 
1 Argos + Mk9 






Table 4.2: Overview of study birds 
equipped with GPS, Argos and/or TOR 
devices with successful data retrieval. 
/ 
4.3.2 Environmental data 
Bathymetry and slope data 
Throughout our habitat analyses, we used the Smith and Sandwell Global Seafloor 
Topography from Satellite Altimetry and Ship Depth Soundings (NOAA and Scripps 
Institution of Oceanography) (Smith & Sandwell 1997) at a spatial resolution of 2' x 2'. 
More details are available at 
http://gcmd.nasa.gov/records/GCMD SIO NOAA SEAFLOORTOPO.html. Bathymetric 
slope was calculated as the maximum slope value within a 5x5 moving window of grid 
cells across the bathymetry grid. 
Remotely sensed oceanographic data 
Sea surface height (SSH) data: We used absolute dynamic topography (ADT) Delayed 
time (DT) data from Aviso (www.aviso.oceanobs.com). Data were available at a spatial 
. resolution of 113° x 113° and a weekly temporal resolution. ACC fronts and zones were 
defined based on SSH signatures following Venables et al. (2012). These frontal signatures 
were defined based on the Scotia Sea, but are stated to be valid for other locations of the 
Southern Ocean (Venables et al. 2012). 
Yertical temperature data and definition of different water masses 
Vertical temperature values were obtained from the external TOR Mk9 sensor data. TOR 
Mk9 temperature sensors provide high quality data (accuracy 0.1 ° C±0.05°C, Simmons et 
al. 2009), and were therefore used for determining the properties of the water column 
encountered during a penguins' dives. For each dive, temperature data that were recorded 
during the descent and ascent phases were projected onto a vertical axis corresponding to 
the maximum depth of the dive and averaged at a I-m depth interval. This resulted in 
regularly gridded temperature data in the vertical plane, and facilitated calculation of the 
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average potential differences in the water column properties encountered during the 
descent and ascent phases due to horizontal movements of the penguins. A 5 m moving 
average filter was then applied to the temperature profiles, allowing for correction of any 
potential measurement errors from the TDR temperature sensors without smoothing out 
thermal discontinuities in the water column. To compensate for the surface heating effect 
by direct sun exposure and penguin body temperature on the temperature sensors 
(McCafferty et al. 2007), temperature values collected between 0 and 10 m were replaced 
by the value measured at 10 m depth during the ascent. Based on the regularly gridded 
temperature profiles we calculated the vertical water temperature gradient for each depth 
point; this was estimated as the temperature difference between 25 m above and 25 m 
below the given depth point. Temperature gradients near to the depth extremes of a dive 
were calculated using the maximal depth range possible (limited by the surface for points 
<25 m depth, and by the maximal dive depth for points >maximum depth-25 m). The 
resulting possible bias in gradient values may only impact the depth range between the 
maximum depth range of a dive and 25 m above, as dives shallower than 50 m were not 
considered for analyses of foraging behaviour (see 4.3.3 Data analysis). A temperature 
gradient of + 1 thus corresponds to a temperature increase of 1°C per 50 m depth, -1 to a 
temperature decrease of 1 °C per 50 m. To identify water masses from the water 
characteristics targeted by the penguins we defined five water masses based on water 
- temperature (T), temperature gradient (gradT) and depth (D): Surface Mixed Layer (SML) 
waters (T>=2; -0.5 <gradT<O; D<=lOOm); Thermocline (TH) waters (T>=2; gradT<=-O.5); 
Winter water (WW) (0;5<T<2; gradT<=O); cold WW (T<=O.5; gradT<=O); and 
Circumpolar Deep Water (CDW) and modified CDW (mCDW) (gradT>O; D>lOOm). For 
simplicity CDW and mCDW are named ''CDW'' unless stated otherwise. Based on these 
definitions a specific water mass was assigned to each depth grid point of each dive. 
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The resulting dataset thus consisted of temperature, temperature gradient and water mass 
profiles on a regular 1 m depth grid for each dive. 
4.3.3 Data analysis 
Data analyses were performed using MatIab (The MathWorks, Inc., MA 01760-2098, 
USA) and the custom-made software MultiTrace (Jensen software systems, Laboe, 
Germany). 
4.3.3.1 Analysis of surface behaviour 
GPS data were downloaded from each device and decoded into GPS locations using 
manufacturer-supplied software (Sirtrack Fastloc software, version 1.5.0.2). Following the 
manufacturer's instructions, we excluded locations from the analysis when residual error 
values were greater than 30 or fewer than 6 satellites were used for location calculation 
(Sirtrack 2010). Argos data were processed with state-space models (Jonsen et al. 2003, 
2005) in order to estimate the most probable locations taking into account measurement 
errors. The process model of the state space model uses transition equations based on 
correlated random walk models to estimate the most probable locations of an animals' 
path. As the observation model of the state-space model did not lead to a clear distinction 
of behavioural modes into travel and foraging, we used First-Passage Time (FPT) analysis 
in order to detect area-restricted search (ARS) behaviour from the GPS and the estimated 
Argos locations. FPT provides a measure of the time an animal takes to cross a virtual 
circle of a radius r that is moved along its track, assuming that high FPT in certain areas 
corresponds to ARS behaviour displayed by the animals (Fauchald & Tveraa 2003). For 
each location we assigned SSH, bathymetry and slope values by searching for the 
geographically nearest value within the corresponding dataset. 
99 
Kernel densities of foraging locations of incubating and brooding penguins were computed 
on latitude and longitude using a Gaussian Kernel (Matlab kde2d function, Botev et al. 
2010). Locations at distances <30 km from the colony were excluded from the kernel 
density estimation to reduce the colony bias on the spatial distribution of the penguins. The 
kernel densities were then overlaid on the main oceanographic features in the foraging area 
(from Park et al. 2008b) to visualize potential associations of foraging with oceanography. 
Foraging habitat use in relation to oceanographic and bathymetric features was assessed 
using kernel densities of foraging locations on SSH and bathymetry. 
For each bird, we calculated trip duration, distance covered, maximum distance from the 
colony and the furthest latitude south and east reached. Exact departure and return times 
from and to the island were determined from the TDR data for birds with Argos/GPS and 
TDR devices, and from field observations and visual inspection of surface tracks arriving 
at the colony for Argos/GPS data only. 
4.3.3.2 Analysis of diving behaviour 
A zero offset correction was applied on the dive data. Only dives deeper than 50 m depth 
were used for analysis, as they were considered to represent the majority of king penguins 
foraging dives (PUtz et al. 1998; Charrassin et al. 2002). 
, a - Calculation of dive Parameters 
Diving behaviour was analysed by calculating the following dive parameters: dive depth, 
dive duration, duration and start depth of the bottom phase (the time between the first and 
last wiggle or dive step deeper than 75% of the maximum dive depth, following Halsey et 
al. 2007), the number of wiggles (deviations> 1 m of depth with an absolute vertical instant 
greater than 0) as a reliable proxy of feeding success (Bost et al. 2007; Hanuise et al. 
2010). Furthermore, we determined the dive efficiency (DE), calculated as bottom duration 
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/ (dive duration + post-dive interval) following Ydenberg & Clark 1989. We also 
determined the product of dive rate x bottom start depth as an indicator for the 
physiological effort due to diving activity, where dive rate was calculated as the number of 
dives >50m carried out in an ±30 minutes interval around each dive. From the TDR 
temperature sensor data, we determined the temperature at the start of each bottom phase, 
indicating the temperature where prey pursuit started. 
b - Vertical profiles of diving behaviour and in-situ thermal properties of the water column 
In addition to the dive parameters, each dive was furthermore characterized by the vertical 
thermal profiles of temperature, temperature gradient and water masses based on the Mk9 
temperature sensor data (see sections 3.3.3 and 3.3.4). Corresponding to this vertical grid 
of water masses properties, we determined the accumulated bottom time and wiggle 
profiles spent in different water column properties and water masses for each dive, 
calculated as the summed bottom times and number of wiggles spent at each 1 m-depth 
interval during the dive. This allowed analysis of proxies of foraging success (the total 
bottom times and wiggle numbers) spent in relation to the thermal structure of the water 
column. 
The relative bottom times spent in different water masses were calculated as the proportion 
o~ the total bottom time of a dive spent in a particular water mass, ranging from 0 (no 
bottom time of a dive spent in the given water mass) to 1 (all the bottom time of a dive 
spent in the given water mass). This allowed the evaluation of the importance of the 
different water masses for prey pursuit during a given dive. 
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c - Intemolation of horizontal environmental parameters (oceanographic and bathymetric) 
for each dive 
Exact sunrise and sunset times were calculated as described in Scheffer et al. (2010) based 
on nautical definitions of sunrise and sunset (twilight hours defined as the sun being 
geometrically 12° below the horizon) (US Naval Observatory Astronomical Applications 
Department). Geographical coordinates of the start of each dive were interpolated based on 
time from the GPS and the estimated Argos location data, assuming straight line travel and 
constant speed between 2 location points (Weavers 1992). For each dive location we 
assigned SST, SSH, bathymetry and slope values by searching for the geographically 
nearest value within the corresponding dataset. Dive locations were then assigned to 
frontal classes (PFZ, PF, AAZ, SACCF) based on SSH signatures following Venables et 
al. (2012), and to bathymetry classes based on depth and slope. Bathymetry classes were 
defined as shelf (depth <=1000, slope <0.2), shelf break (depth >IOOOm, slope >=0.2) and 
offshore (depth> 1000, slope <0.2). 
The resulting dataset of vertically gridded behavioural and oceanographic data at a fme 
scale together with the corresponding oceanographic surface and bathymetric properties for 
each dive allowed for a detailed analysis to be undertaken of changes in diving behaviour 
with environmental conditions in the horizontal and vertical dimension. It furthermore 
allowed for examination of whether birds select areas with particular water column 
properties, based on the dive locations. 
As king penguins are visual feeders and essentially forage during the daylight and twilight 
hours (Bost et al. 2002), night dives were excluded from these analyses (corresponding to 
16.7% of the total dives < 50 m depth, and 2.1 % of the total dives> 50 m depth. However, 
for birds equipped with TDR devices only, geographical coordinates of the dives could not 
be calculated. For the approximate identification of sunrise and sunset, and the consequent 
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discharge of night dives from the analysis, we used the sunrise time at the easternmost and 
sunset time at the westernmost point reached by the foraging trips. This method allowed to 
exclude night dives from the analysis while being conservative for twilight hours, leading 
to including some night dives into the analysis instead of possibly discharging twilight 
dives if sunrise and sunset times were set too late or early, respectively. 
Comparisons of dive parameters among breeding stages, frontal and bathymetry zones as 
well as among different water masses explored were carried out using Kruskal-WalIis tests 
as tests for normality failed (Jarque Bera test) and transformations did not help the data to 
conform to the normality assumption. When significant differences were found among 
groups, an all pairwise multiple comparison (Dunn's method) was performed to determine 
the groups that differed from the others. 
d - Detailed analysis of foraging phases at depth in relation to frontal zones, bathymetry 
and water masses 
Detailed use of the water column by the penguins while foraging was analysed by 
considering the bottom phase and wiggle numbers of the dives, as the bottom phase is 
thought to be the most important phase for prey capture (Charrassin et al. 2002, Simeone & 
WiIson 2003; Ropert-Coudert et aI. 2006), and wiggles have been shown to be reliable 
indicators of prey capture by king penguins (Simeone & Wilson 2003; Takahashi et al. 
2004; Bost et al. 2007; Hanuise et al. 2010). Bottom periods were analysed by considering 
temperature, temperature gradient and the water masses encountered. We evaluated the 
penguins' water masses use during bottom times using the following analyses and plots: 
1 - Contour plots for the bottom periods for dives >50 m (plotted on temperature and 
temperature gradient axes) allowed us to evaluate the penguins' use of the water column, 
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and to identify whether they target different water column properties during incubation and 
brood. 
2 - Changes in water mass exploration during bottom times in relation to ACC fronts and 
bathymetry were analysed considering SSH, depth and slope for incubating and brooding 
birds. 
3 - Maps of relative bottom times spent in specific water masses on bathymetry and frontal 
zones allowed visualization of spatial changes in water column exploration during different 
breeding stages in relation to bathymetry and surface oceanographic features. The relative 
bottom times spent in WW and CDW were projected onto a latitude-longitude grid based 
on the dive locations. Horizontal interpolation of the relative bottom times between the 
dive locations was carried out using linear interpolation. 
4 - The foraging performance of king penguins in the different water masses was assessed 
based on the cumulative number of wiggles and the dive efficiency (cumulative bottom. 
time spent in a given water mass relative to the total dive time and post-dive surface 
interval), indicating the importance of the different water masses for prey pursuit. 
4.3.3.3 Analysis of oceanographic data: Spatial patterns of the water column structure in 
the foraging area 
From the in-situ TOR temperature data we assessed the fine-scale structure of the 
horizontal and vertical habitat in the foraging area explored by king penguins. From the 
vertical water mass profiles we determined the start depth of the different water masses in 
the water column, and projected this onto a latitude-longitude grid based on the dive 
locations. Horizontal interpolation of specific water masses start depths (of WW and 
CDW) between the dive locations was carried out using linear interpolation. The resulting 
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maps allowed visualization of spatial changes in the structure of the water column in the 
areas explored by king penguins as well as relations of such oceanographic structure at 
depth with bathymetry and surface oceanographic features determined from SSH. 
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4.4 Results 
4.4.1 Foraging trip orientation in relation to bathymetry and oceanography 
All foraging trips made by king penguins were oriented to the south-east or south of 
Kerguelen, with birds of different breeding stages showing different foraging trip 
characteristics (Table 4.3) and targeting areas of differing bathymetric and oceanographic 
properties (Fig. 4.1). Incubating birds undertook extended foraging trips to the south and 
east, reaching PFZ, PF and AAZ waters in offshore areas of depths up to 6000 m (Fig. 4.1, 
4.2). Foraging locations for incubating birds coincided with areas at the shelf break or in 
offshore waters influenced by the cold-water subsurface current along the south-eastern 
shelf break of the Kerguelen Plateau, and with the area over the northern Chun Spur (Fig. 
4.3a). Brooding birds undertook shorter foraging trips exclusively into PF waters, mostly 
concentrating on northern PF waters mainly at depths < 1000 m on the Kerguelen Plateau 
(Fig. 4.2). Foraging areas for brooding birds were mostly located over the shelf and at the 
shelf break to the south-east of the island, and only the outermost foraging locations 
reached areas impacted by the cold-water subsurface current used by incubating birds (Fig. 
4.3b). 
Foraging trip parameters showed higher levels of interannual variability for incubating 
birds than for brooding birds (Table 4.3). In particular the year 2010 was characterized by 
extreme values for incubating birds, with longer foraging trips extending further to the 
south-east than during any other year. A more detailed description of the environmental 













Figure 4.1: Trip orientation of Argos- and GPS-tracked birds in relation to bathymetry 
(grey contours: 0, 1000, 2000m depth) and frontal positions (coloured contours). 
Frontal zones are based on SSH signatures following Venables et al. (2012). Frontal 
positions on the maps correspond to the mean positions over the trip period of the 
corresponding foraging group during each year. PFZ: Polar Frontal Zone; PF: Polar 







Figure 4.1 (continued). 
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-ncubat i on T --T 1 -y- -1 
yea r month n trip durati on (davs ) • t rip le ngth (k ,!, ) m a x .d is t . from colonv (km) max -S ax(max -SI max · E m a x( m a x - E) BM trip start (kg) • BodV m ass g ai n (kg ) • Body m ass gai n/da y * 
1998 0 
1999 Jan 4 (0; 4) 18.95 ±l.48 1242.5 ±l18.03 481.13 :1:47.73 50.76:1:0 .26 5 1. 54 76. 76 :1:0.61 78. 34 9.85:1:0.36 (n =4) 3. 1 (n..=]. )_ 0.17 (n =l) 
2006 Jan 3 (3; 0) 21.19 ±l .89 1433.17 :1:26.73 459.64 :1:47.98 50.49 :1:0 .12 50.67 76.58 :1:0.64 77.77 9 .53:1:0.44 (n =3) no d a t a n o d at a 
2007 Feb 2 (2; 0) 18.99 :1:2 .74 1645.66 ±l63.82 634.85 :1:78.07 53.55 :1:0 .88 54 .4 3 75.87 H.58 79. 44 9.!!!;:l:0 .4 5 (n =2) 2.25 ±1.35 0 .11 :1:0 .0 6 
2008 Feb 3 (2; 1) 31 .39:1:1 .01 2311.76 ±l41.27 813.68 ±lOG.69 53. 12 :1:0 .12 53.24 80 .75±l.59 83 .9 2 9 .43:1:0.23 ( n =3) 2.8 :1:0 . 26 0.09:1:0 .0 1 
2009 0 
2010 Feb 9 (0; 9) 39.02 :1:2.56 ( n =l1 ) 3021.17 :1:389.64 991.98 ±l52.67 54.0 1 :1:0.73 57 .69 82 .76:1:2. 28 93. 7 9.88±0 . 15 (n =17) 
-
3.96 ±0.21 (" ",9 ) 0 .lHO.01 ( n =9) 
2011 Fe b 3 (0; 3) 23.86 :1:1.28 (n =7) 1476.4 :1:161 .67 515.48 :1:24.41 51.94 :1:0.14 52 .22 76.59 :1:0. 41 77.24 9.35:1:0 .34 ( n =7) 4 .24:1:0.28 (n =7) 0. 18:1:0.01 (n =7) 
M ean ±SE 24 (7; 17) 27.69±2 .01 2091.08±2 .08 717.24±72.60 52.56±0 .4 57 .7 79. 24±1.04 93.7 9 .6 5±0 .33 3 .16:1:0.21 0 .12±0 .0 1 
~ Brooding ~ t 1- J 
Bo d y mass gain/day · t yea r mont h n trip du ra t ion (d a v s ) ' t ri p le ngth (km )r m a x .d ist . from colonv (km) max·S ax(ma~Sl m ax · E m ax(ma x ·E) BM t~p start Q<g ) • B~dV m ass g a in (kg) : 
-t -
f 
1998 Feb 15 ~.58 ±D. 52 (n =25) 710. 12 :1:68.72 244.55:1:24.74 50.55 :1:0. 21 52.23 73 .18 :1:0 .29 75.83 11.36:1:Q: 1~Jn=25) 1 .86:1:0 .17 (n=25) 0.23 :1:0.03 I n =25) 
1999 Feb 8 8 .90 ±l.6 738.69 ±81 .5 280.82 ±33.14 50.3 ±D.22 5 1.6 73.9 :1:0.46 75. 2 11.78:1:0.35(n =5) 2. 0 3±O.35 (n =4 ) 0 .3±D.09 ( n =4 ) 
2006 Feb 7 r ,." ffi." ~'.~"'M '~.'ti".ro 50.28:1:0 .15 50 .76 73.47:1:0 .4 5 75.21 11~3:1:0. 22 (n-= 7 ) 2.3±0 .22 0.3:1: 0 .04 
2007 Feb 5 . . _ 9 .59 ±D.54 967.26 :1:77.53 -.199.56 ±l4.2L 50 .23:1:0 .24 50.67 74 .23 :1:0.19 74.81 9.64:1:0.3 (n=.sl 2 .65 :1:0 .26 0.28 :1:0.04 
2008 Feb 1 11.2 901.41 308.82 5 1.07 5 1.0 7 73 .92 73.92 10. 7~±0.35 (n =2) 2.3 0.21 
2009 Feb 4 
- """",0'''' "''''''':''1 ,~,~>'" 50.0 1 ±0 .21 50.44 74.2 :1:0.67 75 .72 l Q28:1:0 .25 (n =l1) 2.62 ±0. 12 Ln =l1) 0.25 ±0.03 (n =l1 ) 2010 0 
2011 Feb 4 9 . 23 :1:0.72 674.27±39.48 249.37 ±l9.49 50.54 ±0 .41 5 1.57 73.14:1:0.37 74. 12 11.0 3:1:0 .42 1 .73 ±0_ 27 0. 19 ± 0 .04 
M ean ±SE 44 k'~~~~~'." ) cl-~~U" I 5O.39±O. 1 1 5 2.23 1 73.58 :1:0 .17 1 75.83 10 .94:1:0 .3 2.07±0 .12 0 .24±D.0 2 Contro l (Incubation onl)l ) ~.~ 
+ 1 r 
-----
,.., m . o," ~ n BM tri p sta rt BMG ~ BMG/dav 
2010 Feb 30 326HO.53 9 .97:1:0.15 4.94 :1:0 .21__ _ 0.15:1:0_01 
---- ----
2011 Feb 25 1787:1:0.82 9.80 ±0.19 3.38±0.19 0 .19±0.01 
Table 4.3: Tri p and body mass parameters for study and cont rol birds. N-Val ues re present the following information: total number of tracked birds during this 
year (number of birds wit h Argos/GPS + TOR du ring this year; num ber of birds with Argos/GPS only during this year) . Parameters with * are calculated based on 
all tracked birds; without * include data from Argos/ GPS birds o nly. Additiona l n-values are give n where the number of birds used for the calculation was 
different from the number of tracked birds given in the table. 
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Figure 4.2: Density distributions of foraging locations of incubating (red) and brooding (black) birds 
in relation to SSH and bathymetry. PFZ: Polar Frontal Zone; PF: Polar Front; NPF: northern PF; SPF: 
southern PF; AAZ; Antarctic Zone; SACCF: Southern ACC Front. Frontal definitions are based on 




Figure 4.3: Kernel densities of 
foraging locations of the different 
breeding stages in relation to main 
oceanographic features and 
bathymetry in the foraging area. 
a- Incubation; b-Brooding. 
Contours encompass 5, 25, SO and 
75 % of the foraging location 
distributions. Grey lines show 
bathymetry contours at 0, 1000 
and 2000 m depth. Arrows shoW 
main oceanographic features in 
the foraging area following Park et 
al. (2008). 
4.4.2 Body mass gain (BMG) 
Incubating birds had higher levels of total body mass gain (BMG), whereas brooding birds 
showed higher mass gains per day (Table 4.3). Daily BMG decreased with foraging trip 
duration for both incubating and brooding birds (Incubation: R2=0.31 , Brooding: R2=O.3) 
(Fig. 4.4). Brooding birds showed higher BMG for short foraging trips, but with a steep 
decrease with increasing trip duration. Daily BMG for incubating birds increased with the 
proportion of foraging locations in the PF (R2=O.27) (Fig. 4.5). For brooding birds there 
was no apparent relation between BMG and the proportion of a foraging trip spent in 
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Figure 4.4: Daily body mass gain 
(BMG) of incubating (red) and 
brooding (blue) king penguins in 
relation to foraging trip 
duration. 
Figure 4.5: Daily body mass 
gain {BM G) of incubating king 
penguins in relation to the 
proportion of foraging 
locations in the Polar Front 
(PF). Frontal zones are defined 
by SSH signatures following 
Venables et al. (2012). 
4.4.3 Frontal positions and water column structure in relation to bathymetry and 
frontal zones 
During all study years, the SSH signature characteristic of the PF extended broadly across 
the Kerguelen Plateau and became more constrained and narrowed again further 
downstream to the east (Fig. 4.1). The SSH signature for the AAZ and SACCF fo llowed 
the south-eastern edge of the Kerguelen Plateau along the 2000 m depth contour of the 
Fawn Trough canyon. After the Fawn Trough canyon the AAZ showed northward 
extensions of variable intensity over the Chun Spur to the eastern side of the Kerguelen 
plateau. The upper starting depth of the WW reached its shallowest depths at the sea 
surface along the south-eastern shelf break to the north and northwest of the Chun Spur in 
or close to AAZ waters (F ig. 4.6a). Cold WW in the water column explored by the 
penguins was restricted to areas to the northwest of the Ch un Spur at depths greater than 
1000 m (Fig. 4.6b). 
la) 
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Figure 4.6: Maps of Winter Water 
(WW) start depth in the water 
column explored by incubating 
king penguins. a-WW (O.S-2"C), b-
Cold WW «OSC).Red contours 
indicate frontal positions from SSH 
signatures. Frontal positions on 
the maps are the mean positions 
over the trip period of all birds 
with Mk9 devices. PFZ: Polar 
Frontal Zone; PF: Polar Front; AAZ; 
Antarctic Zone; SACCF: Southern 
ACC Front. 
4.4.4 Diving behaviou r and water colum n exploration 
Overall , incubating bi rds showed signi ficantly shallower dive bottom start depths and 
lower dive efforts than brooding birds (Fig. 4.7). 
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Figure 4.7: Differences in diving 
behaviour between incubating and 
brooding birds. a - Bottom start 
depth; b - Dive effort, calculated 
as the product of dive rate/h * 
bottom start depth. *** indicate 
significant differences to the other 
breeding group with p = 0.01 
(Kruskal-Wallis Test). 
4.4.4 .1 Exploration of the water column during bottom periods in relation to bathymetry 
and fronta l zones : 
Incubating and brooding bi rds mostly explored the surface mixed layer (SML), the 
thermocIine and WW during the bottom periods of their dives (Fig. 4.8a,b). The birds 
mostly targeted waters with weak negative temperature gradients < -1 °C / SOm, but some 
also explored stronger gradients of up to _2°C / SOm. Incubating bi rds also explored 
Positive gradients of up to 1°C / SOm (Fig. 4.8a). Incubating birds spent similar proportions 
of their bottom periods in the SML and in WW (29.32 % and 37.S4 %, respectively), 
Whereas brooding birds spent more time in WW <2°C (S2 .66 %). CDW and cold WW 
accounted fo r 1) .4% of the bottom periods of incubating birds, and CDW for ) . IS% of 


















Figure 4.8: a - Thermal 'properties of the water column explored during bottom periods for 
incubating and brooding birds (only dives >50m). Contours encompass 5% and 10-90% of bottom 
time densities. b - Water masses explored during bottom periods for incubating and brooding 
birds (only dives>50m). Percentages represent proportions of the different water masses in 
relation to the total bottom time of the breeding group. SML-Surface Mixed Layer; TH-
Thermocline; WW-Winter Water; WWcold-cold Winter Water <0.5C; CDW-Circumpolar Deep 
Water; mCDW - modifiedCDW (Figure 4.8a only). For details of the water mass definitions see 
Material and Methods. 
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Water mass exploration during the bottom time of a dive changed with changing SSH and 
changing bathymetry (Fig. 4.9). Differences for incubating birds were most apparent with 
SSH (Fig. 4.9a) whereas there were only minor changes for incubating birds in relation to 
bathymetry (figure not shown). For brooding birds, water mass exploration during bottom 
times changed most with bathymetry (Fig. 4.9b). In general, the exploration of the SML 
during bottom time periods decreased and the WW exploration increased from the PFZ to 
the AAZ for incubating birds, and from shelf to offshore areas for brooding birds. 
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Figure 4.9: Water masses targeted 
during bottom periods a - for 
incubating birds in different frontal 
zones, and b - for brooding birds in 
different bathymetry zones. Frontal 
zones were defined based on SSH 
signatures, bathymetry zones based 
on depth and slope, For details 
about the definition of the frontal 
and bathymetry zones see Material 
and Methods. 
The dive bottom start temperature decreased towards the south-east for incubating birds, 
with coldest temperatures occurring along the south-east shelf break of the Kerguelen 
Plateau and to the north of the Ch un Spur (Fig. 4.1 Oa). Brooding birds encountered their 











Figure 4.10: Maps of bottom 
start temperature of incubating 
and brooding birds. Grey 
contours show bathymetry at 0, 
1000 & 2000m depth. Red 
contours indicate frontal 
posit ions from SSH signatures. 
Frontal positions on the maps 
are the mean posit ions over the 
trip period of all incubating and 
brooding birds with Mk9 
devices. PFZ: Polar Fronta l Zone; 
PF: Polar Front; AAZ: Antarctic 
Zone; SACCF: Southern ACC 
Front. 
The relative bottom times, indicating the proportion of bottom time spent in a given water 
mass, showed distinct spatial patterns for incubating and brooding birds. Relative WW use 
during bottom periods was significantly higher in the AAZ compared to the PF and PFZ 
for incubating birds, and in offs hore waters for brooding birds (Fig. 4.11 a). For incubating 
birds, th is pattern was particularly apparent in a restricted area to the north of the Chun 
Spur (5 1 to 53°S, 78 to 800 E), where bottom periods showed a high proportion of WW 
(Fig. 4. 11 a). COW use during bottom periods for incubating birds occurred almost 
exclusively in a restricted area to the northeast of the Chun Spur in the AAZ, and only in 
very small proportions in the south easternmost offshore waters of the brooding birds 
foraging range (Fig. 4. 11 b). 
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a·WW Proportion of b-CDW Proportion of 
Figure 4.11: Maps of relative bottom times in a - WW and b - COW for incubating and 
brooding birds, showing spatial patterns of the importance of the different water masses 
for foraging king penguins at Kerguelen. Coloured contours represent the proportion of 
bottom times spent in WW or COW. Grey contours show bathymetry at 0,1000 and 2000m 
depth. Red contours indicate frontal positions from SSH signatures. Frontal positions on the 
maps are the mean positions over the trip period of all birds included from the 
corresponding foraging group. PFZ: Polar Frontal Zone; PF: Polar Front; AAZ; Antarctic Zone; 
SACCF: Southern ACC Front. 
i,,4.4.2 Diving behaviour in relation to bathymetry and frontal zones: 
Diving behaviour for incubating and brooding birds changed with different frontal and 
bathymetry zones (Fig. 4.12). The bottom start depths were shallowest in the PFZ for 
incubating birds and on the shelf for brooding birds, increasing towards AAZ and offshore 
waters. The dive efficiency was highest in the PFZ and on the shelf, and lowest in the AAZ 
and in offshore areas for incubating and brooding birds, respectively. 
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Figure 4. 12: Changes in diving 
behaviour indicated by bottom start 
depth and dive efficiency with frontal 
and bathymetry zones. a - Incubating 
birds in different frontal zones; b -
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4.4.4.3 Diving behaviour in different water masses : 
zones. *** indicate significant 
differences to the other zones with p = 
0.01 (Kruskal-Wallis Test). PFZ = Polar 
Frontal Zone; PF = Polar Front; AAZ = 
Antarctic Zone. 5 = shelf; 5B = shelf 
break; 0 = offshore. 
Di ving behaviour showed differences depending upon which water masses were targeted 
during the bottom periods (F ig. 4. 13). The broadness index and number of wiggles were 
highest during exploration of the thermocline for incubating and brooding birds. The dive 
efficiency and number of wiggles both showed significantly reduced values for both Cold 
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Figure 4.13: Foraging performance of king penguins in different water masses in 
terms of dive efficiency and wiggle numbers for a - incubating and b - brooding 
birds. *** indicate significant differences to the other water masses with p = 0.01 
(Kruskal-Wallis Test). *** situated between two boxes indicate no significant 
differences between these two water masses, but with all the others. SML-Surface 
Mixed Layer; TH-Thermocline; WW-Winter Water; WWc-cold Winter Water <0.5C; 
CDW-Circumpolar Deep Water. 
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4.5 Discussion 
4.5.1 Methodological discussion: Water masses definition through TDR data analysis 
Evaluation of the thermal properties of the water column encountered by diving predators 
based on in-situ sampling is commonly used for the detailed study of their vertical habitat 
(Lydersen et al. 2002; Hooker & Boyd 2003; Biuw et al. 2007; Hooker et al. 2007; Costa et 
al. 2010). The use ofTDR in-situ data only based on temperature values at foraging depth 
has been shown to be difficult, and may lead to controversial interpretations (McIntyre et 
al. 2011; Boersch-Supan et al. 2012). In this context it has been proposed to use water 
temperature at depth as a proxy variable for water mass (Boersch-Supan et al. 2012). In 
this study we defmed different water masses based on the thermal properties of the water 
column encountered by the penguins. The interpretations of our results are therefore based ./ 
on the exploration of different water masses, and behavioural changes may be related to 
shifts in water masses exploration, potentially reflecting oceanographic changes in the 
habitat explored by the animals. 
Our definition of the different water masses is based on thermal properties of the water 
column and therefore simplified compared to classical oceanographic definitions based on 
temperature and salinity. Such definitions may be used if in-situ sampling by the animals 
includes salinity, as it can be the case for marine mammals (Costa et al. 2010). However, 
as TORs attached to the penguins did not collect salinity data we based our defmitions on 
temperature and temperature gradient, which reasonably reflected the important 
characteristics of the different water masses. As the results of this method showed 
accordance with visual inspection of thermal profiles as well as with general circulation 
patterns (Park et al. 2oo8b; Roquet et al. 2009; Roquet et al. 2010; Park & Vivier 2011) we 
assumed that our definitions were a realistic reflection of water column properties defining 
the different water masses. 
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We used static water mass definitions based on fixed temperature - temperature gradient 
values rather than dynamic definitions relative to the surrounding water column, such as 
the temperature minimum for Winter Water (WW) definition (Park et al. 200Sb). This may 
impact the distinction of WW from Surface Mixed Layer (SML), as WW temperature can 
vary with latitude, and has been reported to reach temperature in the range of 2.6 - 0.5°C 
on the Northern Kerguelen Plateau (Park et al. 200Sb). However, peaks of bottom periods 
in the temperature - temperature gradient plots occurred at thermal properties where water 
mass classification was unambiguous (clearly defined as SML or WW in temperatures 
below 2°C or above 3°C), and only a small proportion of bottom periods targeted water 
properties in the range of potential ambiguity between warm WW as SML (waters between 
2 and 2.6°C) (see Fig. 4.Sa). The implementation of a method based on dynamic water 
masses properties would have been more difficult, and our static method appeared to be 
sufficient for the purpose of our study . 
. Circumpolar Deep Water is usually defined by temperature-salinity properties, however, 
due to the temperature-only recording of the TOR sensors our water mass definitions were 
based on temperature and temperature gradient data only. While the spatial variability in 
COW temperature makes its identification based on temperature-only data difficult, it may 
be clearly identifiable by the occurrence of positive temperature gradients in the water 
column at depths greater than 100 m from the signature of warm COW below the cold 
WW. Such COW identification based on the detection of positive temperature gradients in 
the water column >100 m allowed us to identify'king penguins breeding at South Georgia 
and Kerguelen exploring COW and modified COW (mCOW) during their bottom periods. 
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4.5.2. Oceanographic patterns in the area to the south-east of Kerguelen 
Frontal positions 
The spatial patterns of the oceanography and frontal positions found in our study area were 
consistent with general circulat~on patterns in the Kerguelen area previously described in 
Orsi et al. 1995; Moore et al. 1999b; Sokolov & Rintoul 2009; Park et al. 2008b; Roquet et 
al. 2009; van Wijk et al. 2010; Park & Vivier 2011. However, the identification of frontal 
signatures associated with the Fawn Trough Current (FTC) showed important differences 
to those reported by Park et al. 2008b, Wijk et al. 2010 and Park & Vivier 2011, where 
waters assigned to the AAZ in our study were previously identified as the Southern ACC 
Front (SACCF) and the south PF, respectively. Such differences in oceanography and 
frontal locations between studies can occur and may be related to the fact that the / 
definitions and property values for a given front may not be consistant all along its . 
circumpolar path (Park et al. 1993; Belkin & Gordon 1996). This means that applying a 
static criterion validated in one location may lead to different results in other locations 
(Orsi et al. 1995; Park et al. 2008b). Complex circulation patterns resulting from 
interactions of oceanography with pronounced bathymetry, such as occur at the Fawn 
Trough are likely to amplify this effect, and increase apparent differences in frontal 
positions. 
The Sea Surface Height (SSH) signatures used to define oceanographic features during our 
study were originally identified in the Scotia Sea, but were suggested to be valid for other 
parts of the Southern Ocean (Venables et al. 2012). Therefore, the identification of the 
Fawn Trough Current (FTC) as Antarctic Zone (AAZ) waters in our study may represent 
reconciliation with earlier assignations as the SACCF (Park et al. 2008) and the south PF 
(van Wijk et al. 2010) signatures, suggesting our frontal identification may be more 
correct. This is an important result for understanding the ecology of the Kerguelen Plateau. 
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Spatial patterns in water mass distribution and exploration by king penguins 
Temperature data sampled by diving animals have been used for mapping oceanographic 
properties for a range of species and habitats (Charrassin et al. 2002; Charrasin et al. 2004; 
Lydersen et al. 2002; Hooker & Boyd 2003; Sokolov et al. 2006; Biuw et al. 2008; Costa et 
al. 2008; Costa et al. 2010). Such data facilitates the detailed mapping of oceanographic 
conditions within the water column at a fine spatial and temporal scale as it is encountered 
by animals; such mapping may not be possible using remotely sensed data or data from 
ship-based oceanographic transects (Hooker et al. 2007; Costa et al. 2010). Spatial patterns 
in water mass distribution encountered by our study penguins were consistent with 
circulation patterns reported in previous studies (Park et al. 1998; Park et al. 2008b; 
Charrassin et al. 2002; Charrassin et al. 2004; Roquet et al. 2009; Roquet et al. 2010; van 
Wijk et al. 2010; Park & Vivier 2011). 
In our study, mapping the water column properties using a combination of TDR-
Argos/GPS data allowed us to visualize fine-scale oceanographic patterns encountered by 
king penguins during their dives in agreement with Charrassin et al. (2004) who also used 
TDR data from free-ranging penguins. Furthermore our work reveals for the first time 
Particularly small-scale interactions of oceanography with bathymetry downstream of the 
cold-water flow passing the Chun Spur. This allowed us to better understand spatial 
patterns in the oceanographic habitat explored by foraging marine predators such as king 
penguins, and to draw conclusions about relationships between the animals' foraging 
. 
behaviour, oceanography and bathymetry. 
Shallow Winter Water (WW) depths mapped by king penguins in our study were 
consistent with the cold-water flow along the south-eastern Kerguelen Plateau shelf break, 
as well as with areas of up welling to the north of the Chun Spur and along the shelf break 
(Park et al. 2008b; Roquet et al. 2010; van Wijk et al. 2010). Mapping the temperatures at 
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the start of prey pursuit phases during the penguins' dives confirmed changes in 
oceanographic conditions in the water column induced by the cold-water subsurface flow, 
and showed the tracking of these changes by foraging king penguins during both 
incubation and brood. 
Cold WW and Circumpolar Deep Water (CDW) occurrence in the water column explored 
by king penguins was limited to the area to the north of the Chun Spur in proximity to the 
AAZ northward loop over the Chun Spur, where the influx of the coldest waters of 
southern origins and the advection of upper CDW (UCDW) has been reported across the 
northern Chun Spur (Park et al. 2008b; Roquet et al. 2010). Interactions with bathymetry 
and other oceanographic processes in the area to the north of the Chun Spur may limit the 
occurrence of cold WW and CDW at depths available to king penguins. The UCDW layers 
reported by Roquet et al. (2010) are characterized by the deep Tmax layer situated at depths 
of 400 m. Other shallow, but infrequent, occurrences in our study may result from local 
upwellings or the exploration by king penguins of the boundary layer between WW and 
CDW. 
4.5.3 General foraging trip patterns of king penguins at Kerguelen 
Foraging trips for all birds were oriented to the south-east of the island, with significant 
differences in trip parameters between incubating and brooding birds. Incubating birds 
undertook extended foraging trips to the east and south-east of the Kerguelen Plateau, but 
mostly in proximity to the shelf break. Brooding birds undertook shorter trips, mainly 
foraging On the Kerguelen Plateau and on the shelf break to the south-east of Kerguelen. 
Such seasonal variation in foraging behaviour with reductions in trip duration after 
incubation is known to occur in many seabirds (Weimerskirch 2007), and especially in 
penguins that have limited tl1!velling capacities. The variations are thought to be related to 
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the changing time constraints of the breeding cycle arising from the need to regularly feed 
the chick (Bost et al. 1997; Charrassin et al. 1999; Green et al. 2005). Changes in diving 
behaviour during brooding may reflect changes in prey pursuit behaviour, which might 
arise because different prey are targeted, and/or because prey requirements increase due to 
increased energy demand by the chick (Charrassin et al. 1999; Charrassin et al. 2002; 
Scheffer et al. 2012). Increased dive depths of brooding king penguins at Kerguelen 
indicate the target of deeper prey resources in the foraging areas close to the colony. 
In other locations, similar patterns of reduction in foraging trip duration and changes in 
dive behaviour have been reported for king penguins during the brood stage. For example, 
at Crozet, both incubating and brooding birds target similar foraging areas, but 
considerably increase their travel speed and dive depths during brooding (Charrassin & 
Bost 2001; Charrassin et al. 2002), leading to higher travel and dive effort. At South 
Georgia, brooding king penguins undertake shorter foraging trips to closer foraging areas 
than during incubation, indicating less travel effort. However, some of the brooding 
penguins at South Georgia foraging closest to the colony dived to significantly greater 
depths and reduced the times at the bottom of the dives, indicating that these birds may 
reach their physiological dive limits (Halsey et al. 2010). At Kerguelen, short foraging trips 
with only a moderate increase in dive effort and constant proportions of bottom times 
during the dives occurred during brooding, indicating the presence of favourable foraging 
conditions in close proximity to the colony which appears to allow horizontal and vertical 
adaptations to increased time constraints without birds reaching their physiological limits. 
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4.5.4 Foraging behaviour in relation to oceanography 
The consistent south-east orientation of foraging trips highlights the importance of these 
areas for foraging king penguins. The area to the south-east of Kerguelen is influenced by 
two major oceanographic features: the PF crossing the plateau just south of Kerguelen as it 
flows in a south-eastward direction along the east of the plateau, and the cold-water 
subsurface tongue of FT waters advected over the Chun Spur and flowing northwards 
along the eastern Kerguelen Plateau shelf break (Charrassin et al. 2004; Park et a1. 2008b; 
Roquet 2010; Park & Vivier 2011). The area downstream of the Kerguelen Plateau is 
therefore characterized by high dynamics and strong thermal gradients arising from the 
convergence of the PF and the FTC driven by the bathymetric steering effect of the 
Kerguelen Plateau (Park et a1. 2008b), as well as by high iron concentration arising from 
the island mass effect (Blain et al. 2001; Blain et a1. 2007). Such conditions of high 
dynamics, strong thermal gradients and iron enrichment may lead to enhanced biological 
productivity (Lima et al. 2002) and the aggregation of higher trophic levels such as 
myctophids (Owen 1981; Schneider 1990), which may in turn impact upon the foraging 
behaviour of upper trophic level predators such as king penguins. Furthermore the cold 
waters of Antarctic origin may contain different myctophid resources (Duhamel 1998) 
making them accessible (both by latitude and depth) for king penguins following 
northward advection and upwelling at the Kerguelen Plateau. The cold-water subsurface 
tongue has been reported to be important for king penguins during brooding (Charrassin 
2002, 2004), and may also be of importance for marine predators breeding at Heard Island 
(Wienecke & Robertson 2006; Hindell et al. 2011). Our study confirms the importance of 
this feature for king penguins at Kerguelen during the breeding season. 
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Role of the interaction between fronts. water masses and bathymetry for king penguins 
during incubation and brood 
Incubating birds foraged along the south-eastern side of the Kergue1en Plateau between the 
shelf break and the PF as well as within the Chun Spur area. Exploration of the cold-water 
tongue from its origin at the Chun Spur until the latitude of Kerguelen during dive bottom 
periods suggests that strong foraging relationships exist with this feature. In the northern 
foraging areas in the PF and Polar Frontal Zone (PFZ), prey resources appeared to be 
associated with strong thermal gradients in the SML and thermocline (TH), which may be 
enhanced by the cold-water current meeting the south-eastward flow of the PF. Further to 
the south, foraging areas were concentrated over the area between the northern Chun Spur 
and the Heard-McDonalds Island Trough, where the penguins appeared to explore colder 
water masses for foraging. These locations have been shown to be important pathways of 
southern waters flowing onto the Kerguelen Plateau and into the area to the east of 
Kerguelen to form the cold-water subsurface tongue (Park et al. 2008b). Rugged 
bathymetry and seamounts may enhance upwelling of these cold waters, as indicated by 
shallow WW depths encountered by king penguins just upstream of the cold-water flow 
crossing the Chun Spur. Myctophids associated with the cold waters of Antarctic origin 
may thus become accessible to king penguins in such locations of enhanced upwelling, or 
aggregate at thermal gradients with warmer surrounding waters. Highest WW and CDW 
proportions, coldest water temperatures and the encounter of cold WW of Antarctic origin 
during bottom periods of the dives coincide with these areas of cold-water influx from the 
FTC, suggesting that birds may explore features related to such flows. Similar exploration 
of the cold-water influx over the shallow bathymetry in the Chun Spur area has been 
Suggested for king penguins breeding at Heard Island (Wienecke & Robertson 2006), and 
may be important for other marine predators at Heard Island (king and macaroni penguins, 
black-browed albatrosses, and Antarctic fur seals) from the apparent coincidence of their 
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foraging locations with areas of the cold-water flow originating from the FTC (Hindell et 
al. 2011). 
The foraging areas used by brooding birds were mainly located over the Kerguelen Plateau 
in the area between the PF and the subsurface cold-water tongue, corresponding to the trips 
made by brooding king penguins reported in Bost et al. (2002); Charrassin et al. (2002); 
Charrassin et al. (2004); Bost et al. (2011); Hindell et al. (2011). In this area, the 
subsurface cold-water current appears to be steered onto the shelf towards the island of 
Kerguelen (Charrassin et al. 2002; Charrassin et al. 2004), potentially by upwelling at the 
abrupt escarpment (between the 1000 to 3000 m isobaths) oriented in the north-south 
direction just to the east of Kerguelen (Charrassin et al. 2004). Such vertical flows of cold-
water upwelling meeting with warmer PF waters over the plateau may generate strong 
thermal gradients at relatively shallow depths, where myctophids may aggregate. High 
levels of exploration of the SML and the thermocline during dive bottom periods indicate 
the target of prey resources associated with such vertical thermal gradients in shelf areas. 
The strongest mixing of water masses by internal tides at rather shallow depths of between 
80 to 200 m (Mougin et al. 2008; Park et al. 2008a), corresponding to the depth of the 
majority of king penguins foraging dives, suggests the potential importance of these 
processes for prey aggregations targeted by king penguins. In shelf break and offshore 
waters, reduced levels of cold-water upwelling compared with shallow areas on the plateau 
as well as the northward loop of the PF over the shelf break to the east of Kerguelen may 
lead to reduced thermal gradients in the water column, as shown for areas east of 73°E 
(Charrassin et al. 2004). In these areas, the main prey aggregations explored by king 
penguins may be found in WW at greater depth, as indicated by cold dive bottom start 
temperatures and high proportions of WW during dive bottom periods. Antarctic fur seals 
breeding at Kerguelen which feed at moderate depths (less than lOOm) also forage in 
similar areas to brooding ki!,g penguins (Lea & Dubroca 2003; Lea et al. 2008; Hindell et 
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al. 2011). This indicates the exploration of prey resources associated with similar 
processes. 
Importance of the cold-water tongue and its variability for foraging king penguins 
In summary, the subsurface cold-water flow originating from the FTC appears to play a 
key role for foraging king penguins during the incubation and brooding stage. The high 
intra- and interannual consistency in foraging trip orientation of brooding king penguins to 
the south-east of the island towards the shelf break and the classification of this area as an 
Area of Ecological Significance (AES) of the Kerguelen Plateau (Hindell et al. 2011) 
underline the importance of this area for king penguins and other marine predators 
breeding at Kerguelen. Similarly, the foraging areas of incubating king penguins also 
appear to exhibit a high level of spatial consistency close to the subsurface cold flow along 
the south-eastern shelf break. Foraging trip patterns for king penguins from Kerguelen 
shown in Hindell et al. (2011) suggest a similar orientation to the east and south-east of the 
plateau. However, these locations do not correspond to the Area of Ecological Significance 
identified by Hindell et al. (2011). Limited temporal coverage of the datasets, one year, 
used by Hindell et al. (2011) and any potential restriction in the level of sampling for 
different breeding stages may bias any AES identification; this may help explain why the 
foraging areas of incubating king penguins shown in our study are not included. Our study 
may therefore add information about areas of high significance for foraging king penguins, 
Particularly during the incubation stage. These areas may also be of importance for other 
marine predators breeding on the Kerguelen Plateau, whose foraging areas also coincide 
with areas of the subsurface cold-water current close to its origin at the Chun Spur 
(Antarctic fur seals, macaroni and king penguins breeding at Heard Island), or with 
locations further upstream towards Kerguelen (black-browed albatrosses) (Hindell et al. 
2011). 
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The opposing flow directions of the PF and the cold-water current together with their close 
proximity suggest that interactions exist between these oceanographic features. The PF is a 
major and deep-reaching ACC flow, and significantly stronger than the cold-water current. 
In consequence, variability in the PF position may have important impacts on the pathway 
and extent of the subsurface cold-water flow, and therefore the distribution of king 
penguins prey. King penguins are known to change foraging behaviour with variability in 
oceanographic features explored (Charrassin & Bost 2001; Peron et al. 2012), and may 
therefore adjust their foraging behaviour in relation to oceanographic conditions in the area 
to the east of Kerguelen. In this context, the PF position and its interaction with the 
subsurface cold-water current may play a key role. Most profitable areas closest to the 
colony (PF and PFZ for incubating birds, shelf area for brooding) may be targeted 
preferentially. If these areas do not provide sufficient prey resources, alternative foraging 
areas further away from the colony may be targeted (AAZ waters for incubation, shelf and 
offshore waters for brooding). 
4.5.5 Importance of fronts and batbymetry for foraging king penguins at Kerguelen 
Frontal zones and bathymetric features appear to play different roles in governing the 
foraging behaviour for king penguins of different breeding stages. Surface behaviour and 
water column exploration showed highest changes with frontal zones for incubating birds, 
whereas bathymetry appeared to play a more important role for behavioural changes of 
brooding birds. Such changes in foraging habitat exploration may reflect changing 
breeding constraints of central-place foragers such as king penguins, where foraging 
animals need to adapt their behaviour in order to exploit the best resources available within 
their changing constraints (Charrasin et al. 2002). Space and physical environment have 
been proposed to be best predictors of king penguins foraging habitat at Kerguelen (Bost et 
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al. 2011). During incubation, reduced time constraints may allow birds to explore more 
oceanic habitats with behavioural adaptations to large-and mesoscale oceanographic 
features, identified by SSH. During brooding, spatial restrictions due to regular 
provisioning of the chicks become more important, increasing the importance of the 
foraging habitat closer to the colony. Bathymetry, a prominent feature characterizing the 
habitat close to Kerguelen, is thus likely to play a more important role in foraging 
adjustments of brooding rather than incubating birds. While surface oceanographic 
parameters such as SSH and SST have been shown to play a role in habitat modelling of 
king penguins and other marine predators at Kerguelen (Bost et al. 2011; Hindell et al. 
2011), their importance has been found to be relatively minor (Hindell et al. 2011). 
However, such relative importance of bathymetry-related or more oceanic processes 
appears to be impacted by the species biology and/or seasonal constraints. However, both 
incubating and brooding king penguins explored areas of cold-water upwelling at the 
Kerguelen Plateau where they changed diving behaviour to increased WW exploration 
during prey pursuit, suggesting the importance of such bathymetry-related processes for 
the species foraging. While such upwelling processes may be difficult to characterize by 
remotely sensed variables such as SSH and SST, our analysis of diving behaviour and 
water masses exploration shows the impact of changes in water column structure, 
presumably from upwelling, on the animals' behaviour. 
1..5.5.1 Importance of the Polar Front (PF) area 
The PF was the main foraging area for incubating and the exclusive foraging area for 
brooding birds. However, at Kerguelen, low travel times and associated energy costs for 
pp waters compared to other foraging areas are likely to play an important role in the 
foraging habitat choice of central place foragers such as king penguins. However, 
independent of spatial constraints, foraging dive performances for inCUbating birds were 
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significantly higher in the PF and PFZ compared with the AAZ, indicated by the shallow 
bottom start depths and high dive efficiency. Increasing body mass gains with the 
proportion of foraging spent in the PF confirms its importance for foraging king penguins 
in terms of overall foraging trip profitability. The PF is known to be a key foraging area for 
marine predators of the Southern Ocean (Bost et a1. 2009), and has already been reported 
to play an important role for marine predators breeding at Kerguelen (Lea et al. 2002; Lea 
& Dubroca 2003; Lea et a1. 2008). Myctophids, the main prey of king penguins (OIsson & 
North 1997; Bost et a1. 2002), have been found to be highly accessible at the PF in terms of 
reduced depth and high densities (Sabourenkov 1991; Pakhomov et a1. 1994), potentially 
due to their aggregative behaviour at the strong thermal gradients (Kozlov et al. 1991) 
arising from the juxtaposition of Antarctic and Subtropical water masses. In the area to the 
south-east of Kerguelen, such thermal gradients in the PF region may be enhanced by the / 
northward deviation of cold Antarctic waters by the subsurface current. High use of the PF 
as a foraging area during incubation and brooding together with high foraging dive 
performances emphasize the importance of this oceanographic feature for foraging king 
penguins, confirming previous studies on king penguins breeding in other locations (Bost 
et al. 1997; Guinet et al. 1997; Sokolov et al. 2006; Trathan et a!. 2008; Bost et a!. 2009; 
Scheff'er et al. 2010). 
4.5.5.2 Importance of the Kerguelen Plateau for king penguins and their foraging 
adjustments 
The Kerguelen Plateau. provides an important foraging area for a number of marine . 
predators such as Antarctic fur seals, black-browed albatrosses, southern elephant seals and 
penguins (Guinet et a!. 2001; Lescroel & Bost 2005; Lea et al. 2008; Hindell et al. 2011). 
The interaction of the Plateau's bathymetry with oceanography is known to create stable 
and spatially delimited areas of high productivity (Mougin et a1. 2008; Dragon et al. 2011; 
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Park & Vivier 2011), which may allow directed foraging trips to predictable resources as 
well as high levels of adaptation of foraging habitat exploration to seasonal constraints, as 
indicated by the clear foraging habitat segregation of incubating and brooding birds. This 
may be of particular importance for animals under high energetic constraints, as it provides 
reliable foraging areas close to the colony. In our study, brooding birds exploring these 
areas were able to reduce their travel distances as well as increasing their dive depths only 
moderately. At Kerguelen, predictable prey resources at relatively shallow depths close to 
the colony appear to allow king penguins to adapt foraging to increased breeding 
constraints without increasing surface travel, and with only moderate increases in dive 
effort. This may also be the case for other marine predators exploring similar areas for 
foraging (Hindell et al. 2011). 
However, these prey resources over the Kerguelen Plateau shelf in proximity of the 
breeding colonies may be of increased temporal and spatial small-scale variability due to 
enhanced vertical mixing by tidal forces (Mongin et al. 2008; Park et al. 2008a) and the 
lack of aggregative effects of pronounced oceanographic features over the plateau between 
the PF and the FTC (Park et al. 2008b), leading to reduced stability and therefore reduced 
overall profitability of these prey resources. High daily body mass gains (BMG) for short 
foraging trips but with a rapid decrease in BMG with increasing trip duration suggests that 
prey resources may allow profitable foraging for relatively short periods, but may be less 
profitable for longer trips. Deeper dives with longer bottom periods for brooding birds may 
indicate such exploration of less favourable prey conditions (Charrassin et al. 2002; Halsey 
et al. 2010) at greater depths and requiring longer pursuit times at the bottom of the dives 
in shelf areas. Marine predators with lesser time constraints may target areas of higher 
large-and mesoscale activity in proximity of the Kerguelen Plateau, as shown by 
incubating king penguins. In these areas, the combined effect of bathymetry-related 
processes such as upwelling and channelling of ACC flows, and of structuring effects of 
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large-and mesoscale oceanographic features on the marine environment and prey resources 
may create patches of higher stability and density. This may provide more favourable 
foraging conditions for marine predators under lesser time constraints such as incubating 
king penguins, which are able to spend more time exploring more distant and more 
extensive foraging areas for profitable prey resources (Bost et aI. 1997; Guinet et al. 1997; 
Trathan et aI. 2008; Scheffer et ai. 2010). Similar foraging trip orientations for Antarctic 
fur seals breeding at Kerguelen either over the shelf to the south-east of the island or in 
offshore waters to the east of Kerguelen (Lea & Dubroca 2003; Lea et al. 2008) indicate 
similar behavioural patterns for other marine predators at Kerguelen. However, there was 
no information on differences in breeding stages of the animals targeting these different 
foraging areas. Both types of foraging habitat, bathymetry-related upweIlings on the shelf 
or the shelf break as well as oceanic processes in offshore areas appear to be of major. -
importance for marine predators breeding at Kerguelen, where the importance may depend 
on the species biology and seasonal constraints. Our study therefore confirms the 
importance of AES on the Kerguelen Plateau shelf identified by Hindell et al. (2011), but 
also suggests the importance of offshore areas with mesoscale features related to the PF 
and its juxtaposition with the cold-water current to the south-east of Kerguelen, at least to 
less constrained animals. 
4.5.6 Diving behaviour in different water masses 
King penguin foraging performance changed with the water mass targeted during the 
bottom periods of the dives. Heterogeneity in myctophid distribution in the water column 
is lhought to be related to species, depth and physical properties of the water column 
(Hulley 1981; Collins et al. 2008, 2012). Therefore, different water masses host prey 
resources of different species composition and patch properties (Hulley 1981; Kozlov et aI. 
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1991; Pusch et al. 2003; Collins et al. 2008; Collins et al. 2012), which is thought to impact 
foraging behaviour and performance of diving predators such as king penguins (Bost et al. 
2002). The foraging performance of a dive is further impacted by the travelling time 
through the water column to reach the prey resources (Wilson 1995). The targeting of 
deeper water masses increases travel time through the water column and reduces the time 
available for prey pursuit at depth, therewith decreasing foraging performance if 
homogeneity in prey distribution in the water column is assumed. Foraging performance 
associated with a given water mass is therefore a combination of depth and the profitability 
of associated prey resources together with the distance from the colony. 
King penguins at Kerguelen appeared to encounter most favourable foraging conditions in 
the thermocline, indicated by the highest dive efficiency and wiggle numbers. Wiggles 
during the bottom period have been shown to reliably identify prey catch events in king 
penguins (Bost et al. 2007; Hanuise et al. 2010), and have therefore been used as proxies 
. for feeding success. The thermocline is the layer of one of the most pronounced thermal 
gradients in the ocean, resulting from the juxtaposition of warm SML and cold WW. It is 
known to be a location of enhanced biological activity (Weston 1953; Sameoto et al. 1986; 
Hunt 1990), resulting in the accumulation of biomass for various trophic levels, ranging 
from planktonic organisms to mesopelagic fish and ultimatively upper trophic level 
predators (Hunt 1990; Spear et al. 2001). This is particularly the case for myctophids, king 
penguins main prey, these are known to aggregate at strong thermal gradients (Hulley 
1981; Kozlov et al. 1991; Pakomohov et al. 1996) such as the thermocline. The 
thermocline may therefore host dense myctophid aggregations at relatively shallow depths, 
allowing highly efficient foraging with high proportions of dive time available for bottom 
periods when targeting these prey resources. The importance of the thermocline has 
already been reported for king penguins in other locations, where birds target prey 
associated with or close to thermal discontinuities in the water column at Crozet 
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(Charrassin & Bost 2001) and South Georgia (Scheffer et al. 2012). This study confirms 
the key importance of the thermocline for foraging king penguins at Kerguelen, as 
important proportions of the underwater foraging phases (bottom phases) occurred in the 
thermocline. 
Decreased diving performance during dives to deeper water masses would result in 
reduced times available for prey pursuit, suggesting that king penguins may preferentially 
target the thermocline, SML and WW. However, CDW and mCDW may host different 
prey species or different prey distributions (Pusch et al. 2003; CoIlins et al. 2012), and may 
therefore represent important foraging habitats for king penguins especially if they locate 
insufficient prey resources at shallow dept:hs. At South Georgia, brooding king penguins 
foraging close to the colony have been reported to consistently target CDW during dive 
bottom periods, resulting in high BMG from only short bottom periods (Scheffer et al. 
2012). This suggests that CDW may host profitable prey resources in the region close to 
South Georgia Prey resources associated with deeper or more southerly water masses, 
such as CDW or cold WW, may represent important alternatives when shallow prey is 
insufficient during periods of increased resource demand (e.g. during breeding), or 
resuhing from when environmental factors impact prey distribution. However, profitability 
of prey resources associated with CDW may be related to local oceanography. At South 
Georgia, CDW appears to provide an important foraging niche in areas closest to the 
colony for birds under high breeding constraints, whereas king penguins breeding at 
KergueJen targeted CDW almost exclusively during incubation in areas distant from the 
colony. 
T~e_ exploration of different water column properties and different water masses has 
already been reported for king penguins and other diving predators (Charrassin & Bost 
2001; Lea & Dubroca 2003; Biuw et al. 2007; Biuw et al. 2010; Lea et al. 2008; Trathan et 
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al. 2008; Muelbert et al. 2012; Scheffer et al. 2012), showing the non-random exploration 
of the vertical hydrological habitat by animals and the impact of thermal properties of the 
ocean on their foraging behaviour. Our study confirms these findings for king penguins 
breeding at Kerguelen, and furthermore identifies changes in foraging dive performances 





The particular situation in 2009/10 -




Flexibility in foraging behaviour allows marine predators to buffer reproductive success 
against variability in environmental conditions and prey availability by allocating more 
time to foraging when food density decreases. However, such adaptive capacities are 
limited by thresholds in environmental conditions governing prey availability, beyond 
which the animals are not able for such buffering anymore, leading to reproductive failure 
due to insufficient provisioning. Investigating such thresholds is of key importance for a 
better understanding of the animals' abilities to adapt to environmental variability. 
In this study we examined the foraging behaviour of king penguins breeding at Kerguelen 
during the anomalous breeding season 2009/10, which was characterized by exceptionally 
long foraging trips and low reproductive success. We used Argos and Global Positioning / 
System (GPS) tracking together with Time-Depth-Temperature Recorders (TDR) to follow 
the at-sea movements of the penguins. Combining the penguins' behaviour with 
oceanographic data from remote sensing as well as from the in-situ recordings by the 
penguins allowed us to relate the observed behavioural anomalies to oceanographic 
anomalies in the foraging area. 
Extended foraging trips beyond the usual foraging range of other years as well as 
significantly altered dive characteristics and the manner in which penguins utilised the 
thermal structure of the water column in 2009/} 0 suggests that the local oceanography and 
associated prey field may have been strongly altered in such a way that king penguins were 
.-
not able to forage successfully in their usual foraging area Southward shifts in key 
oceanographic features present in the penguins' foraging area as well as the disruption of 
the thermal structure of the water column led to significant changes in oceanography (and 
the associated prey distribution) following fluctuations in regional climatic drivers. 
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Our results indicate that the capacity of king penguins to adapt to variability in 
oceanographic conditions and associated prey resources in their foraging area may be 
limited; 2009/10 reflected changes in the environment beyond which successful foraging 
and reproduction was significantly impacted. The breeding season 200911 0 may therefore 
allow us to identify key environmental conditions and environmental thresholds for 
successful foraging and reproduction at Kerguelen, which will be important in the context 
of regional climate change. 
5.2 Introduction 
The ability of animals to adjust their foraging behaviour plays a crucial role in their 
survival and reproduction, buffering reproductive success against variability in resource 
availability. In the marine environment, environmental variability impacts upon 
oceanographic conditions and the horizontal and vertical distribution of the different water 
masses (Solomon et al. 2007; Doney et al. 2012), and therefore upon the distribution of 
prey for marine predators. Flexibility in foraging behaviour is therefore a crucial part of the 
survival and reproduction of marine predators. 
However, the reproductive output of marine predators is known to be affected by 
environmental variability (Weimerskirch et al. 2003; Jenouvrier et al. 2005; Murphy et al. 
2007a; Trathan et al. 2007; Forcada & Trathan 2009; Costa et al. 2010; Barbraud et al. 
2011; Peron et al. 2012), suggesting that thresholds may exist where foraging flexibility 
can no longer buffer reproductive success against low food availability (Dall & Boyd 
2002). Marine predators have been shown to exhibit threshold-type responses to changes in 
prey availability, where small changes in prey can trigger rapid and non-linear changes in 
foraging effort, reproductive performance and/or adult survivorship (Cairns 1987; Reid et 
at. 2005; Harding et al. 2007; Piatt et al. 2007; Raconi & Burger 2008). Identifying and 
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investigating environmental conditions leading to such threshold situations is crucial to 
improve out understanding of how the animals explore their environment, and how they 
may respond to potential future environmental change. 
Environmental variability may occur across different temporal and spatial scales, ranging 
from large-scale sub-decadal signals such as the El Nifio-Southern Oscillation (EN SO) or 
Southern Annular Mode (SAM) to small-scale weekly or daily events such as local 
atmospheric anomalies. While larger-scale oscillating signals such as ENSO and SAM as 
well as general global trends such as ocean warming have been shown to significantly 
impact marine predators in the Southern Ocean (Croxall et al. 2002; Vargas et al. 2006; 
Trathan et al. 2007; Forcada & Trathan 2~09; Ainley et al. 2010), the impacts of smaller-
scale variability or their potential local amplification effect on larger-scale signals (Paine et 
al. 1998; Meehl et al. 2000) are less well understood. 
In the context of environmental variability, ecosystems or ecosystem components may 
undergo extreme events, which are characterized by their statistical extremity and by the 
abruptness relative to the life cycle of the organisms affected (Jentsch et al. 2007). Extreme 
events have the potential to allow insights into reactions of ecosystems or specific 
components to extreme conditions, which may indicate potential reactions and adaptations 
to future environmental change (Trathan et al. 2007; Forcada & Trathan 2009; Peron et al. 
2012). Ongoing climate change and future warming of the oceans (Gille 2002; Solomon et 
al. 2009) means extreme events are predicted to be more frequent (Jentsch et al. 2007; 
Solomon et al. 2007; Jentsch & Beierkuhnlein 2008), suggesting that event-based 
approaches to extreme events may be necessary in addition to trend-based research 
(!entsch et al. 2007). Such approaches of the detailed study of extreme events may give 
indications about if and how to incorporate environmental key parameters into modelling 
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studies of predators' foraging behaviour, and may improve our abilities of predicting 
potential impacts of future environmental change on marine predators .. 
King penguins are important avian predators of the Southern Ocean (Woehler 1995; Bost 
et al. 2012). They feed mainly on myctophids (Myctophidae: lantern fish) (Cherel & 
Ridoux 1992), mesopelagic fish that are generally associated with particular water masses 
or temperature ranges (Hulley 1981; Kozlov et al. 1991) as well as with fronts and related 
oceanographic features (Brandt et al. 1981; Pakhomov et al. 1996; Rodhouse et al. 1996). 
The horizontal and vertical distribution of water masses is therefore of key importance for 
foraging predators such as king penguins. King penguins are known to dynamically adapt 
their foraging behaviour to the conditions encountered (Charrassin et al. 2002), allowing 
buffering foraging and reproductive success against variability in oceanography and 
associated prey resources in the foraging area. During the summer breeding season, king 
penguins undergo important time and energy constraints, as the parents take turns to 
incubate the egg or brood the young chick (Charrassin et al. 1998, 2002; Halsey et al. 
2010), thus undergoing prolonged periods of fasting ashore while their partner is foraging 
at sea (Stonehouse 1960; Groscolas 1990). Depletion of the adult's body reserves may lead 
to breeding failure, where parents may sometimes abandon their egg or chick and return to 
forage at sea before their partner's return to the colony (Olsson 1997; Groscolas et al. 
2000; Gauthier-Clerc et al. 2001; Olsson & van der Jeugd 2002). 
The Kerguelen archipelago is situated on the extensive Kerguelen Plateau in the south 
Indian Ocean. Acting as a major bathymetric obstruction in the eastward flow of the 
Antarctic Circumpolar Current (ACC), the Kerguelen Plateau plays a significant role in the 
steering and channelling of most of the deep-reaching ACe flow (Park et al. 2oo8b; 
Sokolov & Rintoul 2009; Park & Vivier 2011). The most prominent oceanographic 
features in the area to the south-east of Kerguelen are the Polar Front (PF) and the Fawn 
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Trough Current (FTC), both of which are part of the ACC. The PF has been identified to 
flow eastwards across the northern Kerguelen Plateau just south of Kerguelen (Park et al. 
1998; Charrassin et al. 2004; Park et al. 2008b, Park & Vivier 2011), then wraps 
anticyclonically around the island from the south-east to continue its flow north-eastward, 
and then flows again south-eastwards along the east of the Kerguelen Plateau (Park & 
Vivier 2011). The FTC is a strong current flowing along the southern edge of the Northern 
Kerguelen Plateau through the Fawn Trough, a deep passage «2800 m) separating the 
Southern and the Northern Kerguelen Plateau and channelling an important part of the 
ACC flow (Park et al. 2008b; Roquet et al. 2009). The cold waters advected from the Fawn 
Trough over the Chun Spur flows northwards along the eastern shelf break of the 
Kerguelen Plateau, forming a cold-water subsurface tongue that can extend up to the 
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latitude of Kerguelen (Charrassin et al. 2004; Park et al. 2008b; van Wijk et al. 2010). 
where it reaches depths of ~100 m (Charrassin et al. 2004). Its northward extension 
appears to be variable, but the factors affecting the flow are not well understood. 
King penguins are one of the most important avian predators breeding at Kerguelen (Bost 
et al. 2012), comprising an estimated 342 000 breeding pairs, quickly increasing 
(Chamaille-Jammes et al. 2000; Bost et al. 2012, last estimate dating to 1999). During the 
summer season, king penguins generally explore the area to the south-east of Kerguelen 
during their incubation, brooding and creche foraging trips (see Chapter 4; Koudil et al. 
2000; Charrassin et al. 2002; Bost et al. 2002; PUtz et al. 2002; Charrassin et al. 2004; Bost 
et al. 2011; Hindell et al. 2011), where the subsurface tongue of cold water originating 
from the FTC and its juxtaposition with the PF have been shown to be of key importance 
for the foraging penguins (see Chapter 4; Charrassin et al. 2002; Charrassin et al. 2004). 
However, there is currently no knowledge about how penguins may adapt to changes in 
these key oceanographic features, and what may be their limits of flexibility in foraging 
behaviour to buffer such variability. 
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Records of exceptionally low reproductive success and/or anomalous foraging behaviour 
of king penguins (Gauthier-Clerc et al. 2001; Olsson & van der Jeugd 2002) and other 
marine predators of the Southern Ocean (Hill et al. 2009) may indicate that certain 
environmental conditions governing prey availability and distribution were beyond the 
range of the penguins' adaptive capacities to buffer reproductive success against 
environmental variability. Investigating such environmental thresholds impacting foraging 
flexibility may improve our knowledge of the foraging behaviour of king penguins, help 
identifying environmental key features triggering such threshold situations as well as 
improve our capacities to assess potential consequences of future environmental changes. 
In this study we investigated the foraging behaviour of incubating king penguins breeding 
at Kerguelen during one year of unpreceeded anomalies in the bird's foraging and 
reproductive success. We identified anomalies in surface and diving behaviour from 
Argos/GPS and TDR data, and related such behaviour to oceanographic anomalies 
regarding the PF position and the influX of FTC waters into the penguins' foraging area. 
We further looked at changes in horizontal and vertical foraging habitat exploration in 
terms of surface features and specific water masses at depth in response to changes in the 
oceanographic habitat. Carrying out such detailed analysis of one particular season enabled 
US to study the penguins' reactions to extreme environmental conditions, to identify 
oceanographic features in the horizontal and vertical dimension that may be crucial for the 
penguins' successful foraging, and to identify potential thresholds in local oceanography 
beyond which king penguins breeding at Kergue}en may lose their adaptive capacities of 
buffering reproductive success against environmental conditions. 
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5.3 Material and Methods 2 
5.3.1 Study area, study period and device deployments 
Study area, study period and device deployments correspond to those described in Chapter 
4. 
5.3.2 Environmental data 
Environmental data used (bathymetry and slope as well as vertical temperature data and 
water mass definition from the TDR data) correspond to those described in Chapter 4. In 
addition to the data in Chapter 4 we used the following remotely sensed oceanographic 
data: 
a - Sea surface temperature (SST) and SST anomaly (SSTA) data: We used two different/ 
SST/SSTA datasets of different spatial and temporal resolution depending on the scales of 
oceanographic processes considered. 1 - For the visualization of oceanographic processes 
at small spatial and/or temporal scales as well as for the determination of SST/STTA 
encountered by the penguins over their foraging trip we used OSTIA (Operational Sea 
Surface Temperature and Sea Ice Analysis) SST and SSTA data from The Met Office 
(FitzRoy Road, Exeter, UK). OSTIA provides gap-free foundation SST values, SSTfnd, 
defined as the temperature of the water column free of diurnal temperature variability 
(daytime warming or nocturnal cooling) from interpolation of satellite and in-situ data. 
Data were available at a spatial resolution of 0.05° (SST) and 0.25° (SSTA) with a daily 
temporal resolution. Daily SSTA data represent anomalies relative to the mean daily SST' 
during 1998 - 2009. More details about OSTIA are available at http://ghrsst-
pp.metoffice.com!pagesl1atest analysis/ostia.htm!. 2 - For the visualisation of global or 
basin-wide SST and SST A patterns at monthly scales we used SST data from the Met 
Office Hadley Centre observations sea ice and sea surface temperature (HadISSTl) dataset 
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(available through the BAS database) at a temporal resolution of 1 month. Monthly SSTA 
data are relative to the mean monthly SST during 1950 - 2011. More details about the 
HadISSTl dataset are available on http://www.metoffice.gov.uklhadobslhadisstl. 
b - Sea surface height (SSH) data: We used absolute dynamic topography (ADT) Delayed 
time (DT) data from Aviso (www.aviso.oceanobs.com). Data were available at a spatial 
resolution of 113° x 113° and a weekly temporal resolution. ACC fronts and zones were 
defined based on SSH signatures following Venables et al. (2012). These frontal signatures 
were defmed based on the Scotia Sea, but are stated to be valid for other locations of the 
Southern Ocean (Venables et al. 2012). 
c - Geostrophic velocity data: We downloaded geostrophic velocity data from A viso 
(www.aviso.oceanobs.com). Geostrophic velocities arise from the balance between 
hOrizontal gradients in Sea Surface Height (SSH) and the Coriolis Force, indicating the 
strength and direction of an ocean current. Geostrophic velocity data were available at a 
spatial resolution of 113° x 113° and a weekly temporal resolution. 
d - Atmospheric and sea-ice data 
Mean Sea Level Pressure (MS LP) and wind data climatologies and anomaly composites 
were downloaded from the National Oceanic and Atmospheric Administration (NOAA) 
Earth System Research Laboratory and National Centers for Environmental Prediction 
(NCEP). 
Sea-ice anomaly data for the south Indian Ocean during August and September 2009 were 
obtained from the Met Office Hadley Centre observations sea ice and sea surface 
temperature (HadISSTl) dataset (available through the BAS database). More details about 
the HadISSTl dataset are available on http://www.metoffice.gov.uklhadobslhadisstl. 
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5.3.3 Data analysis: 
5.3.3.1 Analysis of surface behaviour 
Processing of the Argos and GPS data was carried out as described in Chapter 4, using the 
process model of state space, models for the Argos data. First-passage time analysis was 
applied to the surface tracking data to identify foraging behaviour (see Chapter 4 for a 
more detailed description). For each location we assigned Ostia SST, SSH, geostrophic 
velocity, bathymetry and slope values by searching for the geographically nearest value 
within the corresponding dataset. 
For each bird, we calculated trip duration, distance covered, maximum distance from the 
colony and the furthest latitude south and east reached. Exact departure and return times 
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from and to the island from field observations where possible, and from visual inspection 
of surface tracks arriving at the colony. 
5.3.3.2 Analysis of diving behaviour 
A zero offset correction was applied on the dive data. Only dives deeper than 50 m depth 
were used for analysis, as they were considered to represent the majority of king penguins 
foraging dives (PUtz et al. 1998; Charrassin et al. 2002). 
Diving behaviour was analysed by calculating the following dive parameters: duration and 
start depth of the bottom phase (the time between the first and last wiggle or dive step 
deeper than 75% of the maximum dive depth, foUowing Halsey et at 2007), the number of 
wiggles (deviations >1 m of depth with an absolute vertical instant greater than 0) as a 
reliable proxy of feeding success (Bost et al. 2007; Hanuise et al. 2010). Furthermore, we 
determined the dive efficiency (DE), calculated as bottom duration I (dive duration + post-
dive interval) following Ydenberg & Clark 1989. We also determined the product of dive 
rate x bottom start depth ~ an indicator for the physiological effort due to diving activity, 
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where dive rate was calculated as the number of dives >50m carried out in an ±30 minutes 
interval around each dive. The relative bottom time spent in a specific water mass was 
calculated as the proportion of the total bottom time of the dives spent in the particular 
water mass. This allowed the evaluation of the importance of a water mass for prey pursuit. 
The foraging profitability of the different water masses was defined on the cumulative 
number of wiggles, indicating the importance of the different water masses for prey 
pursuit. 
Vertical profiles of diving behaviour and in-situ thermal properties of the water column 
were calculated as described in Chapter 4. TDR temperature recordings at 10 m depth 
during the ascent phase of the dives were assigned to each dive as an approximation of 
SST after checking for correspondence to Ostia SST foundation values. This allowed for 
assigning SST values to TDR data from birds without Argos/GPS recordings, as there were 
no combined TDR-Argos/GPS data in that year. 
As king penguins are visual feeders and essentially forage during the daylight and twilight 
hours (Bost et al. 2002), night dives were excluded from these analyses (corresponding to 
16.7% of the total dives < 50 m depth, and 2.1% of the total dives> 50 m depth). 
However, in 2010 no combined TDR - GPS data was available, as birds equipped with 
both device types could not be identified to be returned back to the colony due to 
exceptionally extended foraging trips and therefore unknown return dates to the colony. 
Therefore geographical coordinates of the dives could not be calculated, and the 
interpolation of horizontal environmental parameters (oceanographic and bathymetric) for 
the dives as well as the calculation of exact sunrise and sunset times were impossible. For 
the approximate identification of sunrise and sunset, and the consequent discharge of night 
dives from the analysis, we used the sunrise time at the easternmost and sunset time at the 
westernmost point reached by the foraging trips in 2010. This method allowed to exclude 
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night dives from the analysis while being conservative for twilight hours, leading to 
including some night dives into the analysis instead of possibly discharging twilight dives 
if sunrise and sunset times were set too late or early, respectively. 
Comparisons of dive parameters between 2010 and other years were carried out using 
Kruskal-Wallis tests as tests for normality failed (Jarque Bera test) and transformations did 
not help the data to conform to the normality assumption. When significant differences 
were found among groups, an all pairwise mUltiple comparison (Dunn's method) was 
performed to determine the groups that differed from the others. 
5.3.3.3 Analysis of changes in horizontal arid vertical foraging habitat use 
Detailed use of the water column by the penguins while foraging was analysed by 
considering the bottom phase and wiggle numbers of the dives, as the bottom phase is 
thought to be the most important phase for prey capture (Charrassin et al. 2002, Simeone& 
Wilson 2003; Ropert-Coudert et al. 2006), and wiggles have been shown to be reliable 
indicators of prey capture by king penguins (Simeone & Wilson 2003; Takahashi et al. 
2004; Bost et al. 2007; Hanuise et al. 2010). Bottom periods were analysed by considering 
temperature, temperature gradient and the water masses encountered. 
Changes in horizontal and vertical foraging habitat use were analyzed regarding SSH and 
geostrophic velocities offoraging locations, and temperature and temperature gradient (and 
consequently the exploration of different water masses) during bottom periods of dives >50 
m. Contour plots of foraging locations on SSH and geostrophic velocity axes, and of 
bottom periods on temperature and temperature gradient axes, allowed us to identifY the 
target of oceanographic properties at the surface, and of thermal properties at depth during 
foraging. To determine changes in habitat use during a particular year compared to the 
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other years, habitat use densities were converted to gridcells, then normalized for the 
particular year as well as for the other years and then subtracted. Contour plots of the 
resulting distributions showed the relative differences in habitat use between the particular 
year and the other years. 
5.3.3.4 Analysis of oceanographic data: Spatial and temporal patterns of oceanographic 
conditions in the area to the south-east of Kerguelen. and potential anomalies during the 
austral summer 2009/10 
From the Ostia SST and A vi so SSH data we assessed the fine-scale structure of the 
horizontal and vertical habitat in the foraging area explored by king penguins. This allowed 
us to investigate detailed relations of the penguins' foraging behaviour with oceanographic 
conditions at the surface and at depth, as well as to detect and quantify oceanographic 
anomalies during 2010 and link them to the penguins behavioural and reproductive 
anomalies. 
To detect and quantify such oceanographic patterns and anomalies in the penguins' 
foraging area during 2010, we used frontal positions and SST values in the area to the 
south-east of Kerguelen . 
.l- Indices of frontal positions in the area to the south-east ofKerguelen 
Surface positions of oceanographic features, particularly of the PF, can be determined from 
different parameters such as SST (Orsi et al. 1995; Park et al. 1998b; Moore et al. 1999b) 
or SSH (Sokolov & Rintoul 2009; Venables et al. 2012. 
The PF surface signatures were defined as: (1) 4-4.2°C from SST, corresponding to the 
southern boundary of the 4-5°C PF signature (Park et al. 1998); and (2) -58.6 to -59.6 
dyn.cm from SSH, corresponding to the mean PF summer signature ± 0.5 dyn.cm 
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following Venables et al. (2012). As there are contrasting definitions of the FTC surface 
signature in the literature (Park et al. 1998; van Wijk et al. 2010; Park & Vivier 2011), SST 
and SSH signatures for the FTC were determined as the 11-year means of SST and SSH in 
the Fawn Trough canyon from 1998-2009, thus characterizing the surface expression of the 
flow through the Fawn Trough without making pre-assumptions about frontal assignments. 
b -Mapping of spatial and temporal variability in frontal positions 
Mapping of SST and SSH surface signatures of the PF and FTC as defined above allowed 
visualization of the frontal positions in the area to the south-east of Kerguelen. To 
investigate long-term oceanographic patterns during the study months of January and 
February we mapped the ll-year monthly means for January and February with the 
interannual monthly variability envelope of the PF and the FTC. To explore oceanographic/ 
conditions during a particular year and determine differences to the long-term situation, we 
computed monthly mean and weekly variability envelope contours of the SST and SSH 
signatures during January and February in a particular year and overlaid these onto the 11-
year mean and variability envelope. To investigate small-scale oceanographic variability 
we also included the daily SST variability envelope (not possible for SSH due to lower 
temporal data resolution). 
c -Investigation of long-term oceanographic patterns in the foraging area of king penguins 
To investigate long-term variability in oceanographic patterns in the foraging area of king 
penguins, we used frontal positions determined from Ostia SST data, and SST at defined 
locations in the area to the south-east of Kerguelen. Indices of frontal positions in the area 
to the south-east of Kerguelen were determined from SST signatures, as SST provided the 
best surface evidence for shifts in the FTC from visual inspections of the SST and SSH 
signature maps (see Figures 5.8 and 5.9). Frontal positions based on spatial patterns of SST 
signatures were determin~d in the area between 55-600 S, 80-82°E, where the FTC reaches 
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its northernmost position to the south-east of the Kerguelen Plateau and approaches the PF 
above the Chun Spur. In this context we assessed the following three indices: i) The PF 
position was defined as the southernmost position of the 4°C contour, corresponding to the 
southern boundary of the 4-SoC PF signature (Park et al. 1998), and ii) the FTC position as 
the northernmost position of the I.5°C contour within the defined area (chosen from visual 
inspection of SST contour maps at the FTC, see above in part b). Hi) SST was determined 
in a restricted area to the north of the Chun Spur (S2-53°S, 80-82°E), representing the area 
of cold FTC flow across the Chun Spur into the area to the south-east of Kerguelen 
(Roquet et al. 2010). The evolution of SST in this area in relation to the PF and FTC 
positions allowed assessment of the impact of these features on oceanography in proximity 
of the Chun Spur, as well as evaluation of whether SST in this area may be a representative 
measure of the frontal positions, particularly the PF position, in the area to the south-east 
of Kerguelen. Mean and percentiles at the 5% and 95% level were determined for the 
timeseries ofPF and FTC positions as well as SST at the Chun Spur for February for 1998 
to 2011 to identify derivations from the mean conditions, and quantify the anomaly which 
occurred in February 2010. We smoothed the time series using a ll-day running mean 
window in order to focus on the most persistent signals with potentially stronger impacts 
on oceanographic conditions in the foraging area of king penguins. 
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5.4 Results 
5.4.1 Trip parameters, body mass gain, arrival dates at the colony for egg laying, egg 
and chick abandonment 
During the 2009/10 breeding season, the phenology was delayed, with most breeders 
laying 1.5 months later than in normal years (pers. obs.). Foraging trips in 2010 were 
longer than in any other year (Fig. 5.1, Table 5.1). Due to the long foraging trip durations 
there were high rates of egg and chick abandonment before the partner's return to the 
colony (94% abandon in both study and control birds). Mean duration until abandonment 
was 27.2 days after the partner's departures to sea. The mean body mass of the partner on 
shore at egg/chick abandonment was 9.1 kg (Table 5.1). 
/ 
Study birds Control birds Total 
Number of birds equipped 17 30 47 
Trip duration (days) 39.02 ±2.56 (n=l1) 32.61±O.53 (n=27) 34.81±O.86 (n=38) 
Body mass at trip start (kg) 9.88±O.15 9. 97±O.15 9.94±O.11 
Body mass gain (kg) 3.96 ±O.21 (n=9) 4.94±O.2 (n=27) 4.69±O.17 (n=36) 
Daily body mass gain lkJ) O.l1±D.Ol (n=9) 0.15±O.01 (n=27) 0.14±O.01 ( n=36) 
% eu/chlck abandon 100% 90% 94% (3/47 successful) 
Days until abandon 25.5 ±O.87 (n= 10) 28.2S±1.31 (n=16) 27. 19±O.9 (n=26) 
Body mass of partner at 
abandon (kg) 9. 16±O.21 (n=5) 9.07±O.15 (n=10) 9.1±O.12 (n=15) 
Table 5.1: Trip duration, body mass gain and eu/chick abandon times for study and control birds 
In l010. Additional n-values are given where the number of birds used for calculation was 
different from the number of birds equipped given in the table. 
5.4.2 Surface behaviour at sea 
Foraging trips in February 2010 extended to greater distances from the colony than in any 
other year, extending further to the south-east of Kerguelen (Fig. 5.1). Compared to other 
years, king penguins foraged in deeper waters and encountered higher geostrophic 
velocities (Fig. 5.2 a,b). Foraging locations had values for SSH which were shifted, away 
from the PF towards more southerly SSH signatures, with values more characteristic of the 
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southern PF to the SACCF (Fig. S.2c). The exploration of more offshore oceanographic 
features of elevated geostrophic currents at greater distances from the colony is illustrated 




Figure 5.1: Foraging trips of incubating king penguins in 2010 (green) and during other years 
(black) in relation to local oceanography at Kerguelen. Coloured arrows show the main 
oceanographic features in the Kerguelen area (from Park et al. 2008b). ACC = Antarctic 
Circumpolar Current; PF = Polar Front; FTC = Fawn Trough Current. Grey lines show 








Figure 5.2: Changes in foraging habitat 
exploration in 2010: differences in SSH 
and geostrophic velocities explored at 
foraging locations between 2010 and 
other years. Values from 0-1 (yellow-
red shadings) correspond to enhanced 
exploration in 2010, values from -1-0 
(blue shadings) to reduced exploration 
in 2010. A value of 0 (light green 
shading) corresponds to no 
differences. Details of the method 
may be found in Material & Methods. 
Blue limitations show the different 
ACC frontal zones based on SSH 
signatures from Venables et al. (2012). 
PFZ - Polar Frontal Zone; PF - Polar 
Front; AAZ - Antarctic Zone; SACCF-















5.4.3 Diving behaviour and water masses explored 
The number of wiggles per dive and the dive efficiency were significantly reduced in 20 I 0 
compared with other years (Fig. 5.3a-c). Physiological dive effort, represented by the 
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Figure 5.3: Interannual differences in dive 
parameters of incubating birds (2006 -
2011). a - number of w igglesi b- dive 
efficiencYi c - physiological dive effort (= 
the product of dive rate/h* bottom start 
dept h. For all parameters the year 2010 is 
signif icant ly different (lower for a & bi 
higher for c) from all t he other years (KW 







I I : : I 
: : : : : 
I I I I I 
t ~ 1 + + . . 
"" 
Year 
Thermal properties in the water column targeted during bottom periods in 2010 were 
shifted towards colder temperatures and more extreme temperature gradients, particularly 
towards positive gradients . This indicates a reduced use of the SML and warm thermocline 
waters, and enhanced exploration of cold WW and CDW. The use of WW was shifted 
towards colder temperatures (Fig. 5.4). Shifts in water mass exploration during bottom 
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periods showed differences depending on specific SST zones (Fig. 5.5). In the PFZ and PF 
(SST >4°C), the SML and the thermocline (TH) use was decreased and WW use increased. 
In areas ofSST <3°C, COW and cold WW exploration replaced use of the TH and SML in 
SST >3°C, and WW in SST <2°C. 
Temperature gradient (OC/50m) 
% of use during bottom 
periods in 2010 compared 





Figure 5.4: Differences in thermal properties of the water column explored during bottom 
periods between 2010 and other years. Values from 0-1 (yellow-red shadings) correspond to 
enhanced exploration in 2010, values from -1-0 (blue shadings) to reduced exploration in 
2010. A value of 0 (green shading) corresponds to no differences. Details of the method may 
be found in Material & Methods. SML - Surface Mixed Layer; TH - Thermocline; WW -
Winter Water; WWc - cold WW «OSC); COW - Circumpolar Deep Water; mCDW - modified 
COW. 
PFZ PF <4 <3 <2 







Figure 5.5: Differences in relative 
water masses exploration during 
bottom periods in different SST 
zones between 2010 and other 
years (incubation only). 
Foraging profitabi lity was significantly reduced in 20 10 in the SML, TH, WW and cold 
WW, in terms of the number of wiggles per dive carried out in a specific water mass as 
well as the dive efficiency. There were no significant differences for dives directed into 
COW (Fig. 5.6). 
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Figure 5.6: Differences in the foraging profi tability of the different water masses between 
2010 and other years (incubation only). 
5.4.4 Environmental conditions d uring Feb ruary 2010 
5.4.4 .1 SST 
The SST A patterns for February 20 I 0 were characterized by warm anomalies throughout 
the entire Indian Ocean except the southwestern basin, as well as in the central equatorial 
and south Pacific (Fig. 5.7). An important warm anomaly was located to the east of 
Kerguelen in the foraging area of king penguins, as well as to the south of the Kerguelen 
Plateau over the Fawn Trough canyon (Fig. 5.7). A comparison of SSTA patterns in the 
Pacific, Atlantic and Indian Ocean between January 1998 (a year with a strong and 
pronounced El Nifio signal) and January 2010 (another El Nifio signal , but of differing 
character) are shown in Annex B; this demonstrates clear differences between the El Nifio 
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SST patterns during both years, with the centre of the warm anomaly situated in the eastern 
Pacific during 1998, and in the central Pacific during 20 I O. 
(a) 
Figure 5.7: SST Anomalies (SSTA) patterns during February 2010. a - Monthly SSTA of the 
Southern Hemisphere for February 2010. The green box indicates the study area around 
Kerguelen. b - Weekly SSTA in the area to the south-east of Kerguelen for the period of 8-14 
February 2010, corresponding to the foraging trip start dates of the tracked king penguins. 
Overla id are the king penguins' foraging tracks of 2010 (white) and of incubating birds during 
other years (black). Grey lines show bathymetry at 0,1000 and 2000 m depth. Monthly SSTA 
are relative to the mean SST during February from 1950 - 2011 (Figure a); weekly SSTA are 
relative to the mean SST during 8-14 February from 1998 - 2009 (Figure b). Data source SST 
data: Met Office. 
159 
5.4.4.2 Frontal positions from SSH and SST signatures 
The monthly mean and daily SST signatures during February 2010 showed a southward 
shift of the PF away from the geographic position occupied by the interannual variability 
envelope to the west and to the east of the Kerguelen Plateau (Fig. 5.8a). SST signatures 
characteristic of the Fawn Trough Current showed a clear southward shift by up to 5 
degrees of latitude during February 2010 (Fig. 5.8b). The characteristic SST signature of 
the Fawn Trough Current over the Ch un Spur to the east of the Kerguelen Plateau reaching 
to 53°S during the years 1998 to 2009 was shifted to the south and only reached latitudes 
of 56-58°S in 20 I O. Weekly maps of the PF and FTC SST signatures underline the abrupt 
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Figure 5.8: Monthly maps of Sea Surface Temperature (SST) isotherms during Februarv 
corresponding to a - the PF (4-4.2"C) and b - the FTC (1.4-1.6°C). Coloured contours show the 
monthly mean and the daily variability envelope for February 2010 (yellow, green) and the 
monthly mean and monthly variability envelope for February of the years 1998-2009 (red, blue). 
Grey lines indicate bathymetry at 0, 1000 and 2000 m depth. Data source: Met Office. 
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The SSH signatures during February 20 I 0 showed a southward shift of the PF to the west 
of the Kerguelen Plateau, and southward extending meanders to the east of the plateau near 
the Chun Spur (Fig. 5.9a). The Fawn Trough Current SSH signatures did not show shifts 
within the Fawn Trough canyon, but was shifted to the south downstream of the canyon 
and did not extend over the Chun Spur into the area to the south-east of Kerguelen as it 
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Figure 5.9: Monthly maps of Sea 
Surface Height (SSH) signatures 
during February corresponding 
to a - the PF (mean summer 
signature) and b-the FTC. 
Coloured contours show the 
monthly mean and the weekly 
variability envelope for February 
2010 (yellow, green) and the 
monthly mean and monthly 
variability envelope for 
February of the years 1998-2009 
(red, blue). Grey lines indicate 
bathymetry at 0, 1000 and 2000 
m depth. The purple arrows in 
(a) indicate the direction of the 
FTC northward flow towards 
and over the Chun Spur, which 
may have been impacted by the 
PF southward extension during 
2010. Data source SSH: Aviso. 
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Due to the evident southward shift of the PF, the distances between the PF and the Chun 
Spur were the smallest since 1998 based on both SST and SSH signatures. The southward 
positions of the PF and the FTC as we ll as the SST at the Chun Spur exceeded the 95 th 
percentiles of all years since 1998, with extreme southward fronta l positions and high SST 
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- daily frontal positions 
- 11-days moving average 
Figure 5.10: Interannual time 
series of SST in the area to the 
south-east of Kerguelen. 
a - Polar Front (PF) position, b -
Fawn Trough Current (FTC) 
position, and c - SST at the Chun 
Spur from 1998 - 2011. Shown are 
daily values (blue) and the moving 
averages over 11 days (red). 
Green dashed lines indicate the 
mean and the 5 and 95 
percentiles of the distributions. 
Red arrows indicate values during 
February 2010. PF and FTC 
posit ions are based on SST 
signatures (see Material & 
Methods). Data source: Met 
Office. 
- daily SST 
- 11-days moving average 
5.4.4.3 Atmospheric processes 
In February 20 10, Mean Sea Level Pressure (MSLP) patterns around Kerguelen were 
reversed to the normal situation, with an extended high-pressure system to the south and a 
more local but pronounced low-pressure system to the north of the island (Fig. 5.11 a). 
Wind anomaly maps showed a strong anomaly in the south Indian Ocean, indicating a 
cyclone over the Kerguelen area (Fig. 5.llb). Detailed maps showing the evolution of the 
MSLP patterns during late January and early February 20 10 may be found in Annex C. 
(a) 
Mean Sea Level Pressure anomalv (hPa) 
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Figure S.l1: Mean Sea Level Pressure (MSLP) and wind anomalies in the south Indian Ocean 
dUring February 2010. a - monthly composite of MS LP anomalies; b - 1-day snapshot of wind 
anomalies for the 4 February 2010, showing the presence of a pronounced storm in the 
Kerguelen area. in (b) contours indicate the intensity, arrows the direction of the anomaly. The 
red arrows indicate the location of Kerguelen. Data: Met Office; NOAA NCEP. 
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5.4.4.4 Sea-ice patterns during austral winter 2009 
Sea ice concentration showed positive anomalies in the area between 70-90oE, and 
negative anomalies between 30-700E during August and September 2009 (Fig. 5.1 2 a,b). 
-"1L-
Sea ice tongue 1------, / K ... erguelen 1 Crozet winter 1 
1 foraging area ~ 
(b) I - - - - - - , seal" e tongue 
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Figure 5.12: Sea-ice anomalies in the south Indian Ocean during the austral winter 2009. a 
- August 2009; b - September 2009. Winter foraging areas of king penguins breeding at Crozet 
(green dotted box) from Charrassin & Bost (2001), Bost et al. (2004). Sea-ice tongue indicated by 
the blue arrow to the south-east of Kerguelen following Rintoul et al. (2008). Sea-ice anomalies 
are relative to monthly means from 1950 - 2009. 
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5.5 Discussion 
The breeding season of 2009/10 was characterized by anomalies in both behaviour and 
reproductive success for king penguins breeding at Kerguelen. The observed anomalies in 
foraging trip duration and egg/chick abandonment rate were the most extreme observed 
since the beginning of the Kerguelen long-term monitoring programme in 1998. King 
penguin foraging trips were to locations that were 75% more distant and further afield 
from the colony than on average; they also lasted up to 52% longer than in other years. 
Furthermore, and of very considerable ecological importance, the breeding failure rate was 
94% and exceeded all previous records of such anomalous events at Kerguelen. Moreover, 
in 2010, the failure for king penguins at Kerguelen exceeded all other similar events for 
kings recorded in the literature (Crozet 1993/94: 47%, Gauthier-Clerc et al. 2001; South 
Georgia 1994: 60%, Olsson & van der Jeugd 2002), underlining the extreme nature of the 
2010 event. 
King penguins can fast for over a month when incubating, with the maximum duration 
dependent upon sex, experience, body size/physiological characteristics and time of the 
breeding season (Groscolas et al. 2000). The duration of the fast will be allied to critical 
body mass (cMb), which is reached when fat stores are critically depleted and the 
catabolism of the animal shifts from a stage of protein sparing (phase II) to a stage of 
dramatically increased protein catabolism (phase II1). As birds approach this critical 
nutritional state, their metabolism triggers their return to sea and abandonment of their egg 
or chick before reaching cMb (Groscolas & Robin 2001). As it approaches birds can be 
seen abandoning their egg in the colony, although occasionally they can sometimes be 
observed moving towards the edge of the colony and even down to the beach, where they 
eventually abandon their egg and leave to go to sea (p.N. Trathan pers. obs.). In our study, 
birds abandoned their egg or chick between 22 and 43 days (27.2±0.9 days, mean±SE), 
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with body masses ranging between 8.0 and 9.8 kg (9.1±0.2 kg). These values are 
approaching the critical body mass values for when birds move from phase 11 to phase III 
(8.78 kg, Groscolas et al. 2000; 9.6-10.0 kg, Groscolas et al. 2008), or during moult 
(9.62±0.17 kg, Cherel et al. 1994; 9.62±0.33 kg, Halsey et al. 2008). Validation of critical 
body mass against predicted values from Halsey et al. (2008) was not possible, as 
morphological characteristics of incubating partners abandoning the egg during the 
extended foraging trips of our study birds were not recorded. 
Extended foraging trips and high total body mass gain together with breeding abandonment 
may reflect trade-offs for long-lived birds, with the trade-off favouring adult survival to 
that of offspring survival (Steams 1992;, Gauthier-Clerc et al. 2002; Groscolas et al. 2008). 
Such a situation confirms model predictions for king penguin parents, providing for their 
/ 
own needs in case of low food availability (Cresswell et al. 2012). Such decisions may also 
reflect late arrival on land prior to egg-laying, possibly as birds build up their safety 
margins in terms of body reserves; this may be particularly important if body condition is 
low after there have been poor winter/spring foraging conditions. Late arrival may result in 
higher risks of breeding failure if there is insufficient chick rearing time and inadequate 
prey resources later in the season (Gauthier-Clerc et al. 2002). 
The breeding and foraging behaviour of king penguins, particularly their foraging trip 
duration, can be used as indicators of variability in prey availability (Gauthier-Clerc et al. 
2002), and in the marine ecosystem in general (Le Maho et al. 1993). This suggests that 
important changes in marine resources occurred in the area to the south-east of Kerguelen 
during the austral summer of 20 1 O. 
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5.5.1 Oceanographic and behavioural anomalies during the pre-breeding and 
breeding season of200912010 
King penguins clearly experienced anomalous conditions resulting in unusual behaviour 
\) ) , 
during the pre-breeding season in 2009; this was manifest as delayed arrival on land at the 
start of the breeding season (2 months delay). Later, after breeding commenced, we 
observed changes in foraging behaviour during February 2010. 
Late 2009 and early 2010 were characterized by significant oceanographic anomalies in the 
Indian Ocean, with a basin-wide warming from July to October 2009 (Arndt et a1. 2010), 
and high SST and southward shifts of the PF and FTC in the area around Kerguelen during 
February 2010. King penguins are characteristically highly oceanic foragers; the 
behavioural and reproductive anomalies observed for king penguins during 2009/10 are 
therefore highly likely to be related to the anomalous oceanographic conditions observed in 
the Indian Ocean. 
The PF shifting out of the l1-years SST and SSH variability envelopes suggests that the 
anomaly occurring in 2010 was the most pronounced since 1998, with drastic impacts on 
king penguins behaviour and breeding success. It is therefore plausible that extreme 
behavioural and reproductive patterns make 2010 a unique event, and at least partly related 
to the southward shifts of the PF. This may have been related to changes in oceanographic 
processes and water column properties in the Chun Spur area, particularly in king penguin 
foraging habitat in the upper ocean. 
~5.1.1 Pre-breeding period. austral winter and spring 2009 
The significantly delayed arrival prior to egg laying was highly likely to be caused by the 
preVailing oceanographic conditions during the period prior to the penguins' arrival on 
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land; most probably during the winter or during the post-moulting foraging trips in 2009. 
Currently, there is no documented information about the winter or post-moult distributions 
of king penguins breeding at Kerguelen, making it difficult to draw definitive conclusions 
about factors impacting the birds behaviour prior to breeding. However, king penguins at 
Kerguelen may show similar behaviour to those breeding at Heard Island and Crozet, 
which explore areas related to the ice-edge south of their breeding colony during winter, 
and areas close to the PF during post-moulting in spring (Moore et al. 1999a; Charrassin & 
Bost 2001; Bost et al. 2004). The sea-ice anomalies to the south of Kerguelen during 
August/September 2009 may therefore have impacted king penguins during their winter 
foraging trips. As king penguins breeding at Crozet did not show behavioural anomalies, 
sea-ice anomalies that may have impacted king penguins breeding at Kerguelen are likely 
/ 
to be situated in areas different from those explored by Crozet birds during winter (40-
67°E, Charrasin & Bost 2001; Bost et al. 2004). The pronounced positive sea-ice anomaly 
to the south-east of the Kerguelen Plateau (-70-90oE, see Fig. 5.12) is therefore the !Dost 
likely ice-related anomaly that may have impacted the winter foraging of king penguins 
from Kerguelen. In the area near 85°E, a pronounced sea-ice tongue has been reported to 
occur during some winters (Rintoul et al. 2008). The sea-ice tongue as well as a related 
northward current in this area have been suggested to play an important role for the high 
biomass in this area, ranging from primary production (Tynan 1997; Nicol et al. 2000; 
Rintoul et at. 2008) to upper trophic levels such as cetaceans (Tynan 1997; Tynan 1998; 
Nicol et al. 2000). It is therefore possible that this area also plays an important role for 
foraging king penguins during winter. Sea-ice related anomalies in this area may therefore 
have impacted the penguins' winter foraging success. However, due to the lack of 
available information concerning winter and spring movements of king penguins at 
KergueJen these hypotheses remain untested. 
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In the austral spring, the eastern Indian Ocean exhibited significant basin-wide warming 
from October 2009, which may have impacted king penguin prey, foraging behaviour and 
foraging success during their post-moulting trips. If birds had been unable to recover 
condition from moulting (Gauthier-Clerc et al. 2002) and had lower than normal reserves 
prior to commencing breeding, penguins may have been forced to prolong their post-
moulting trips by staying longer at-sea, resulting in their delayed arrival on land for 
breeding. Body mass at the start of their incubation foraging trips suggests that there were 
no significant differences in the physiological condition of penguins in 2010 compared 
with other years. Low body mass at arrival has been reported to lead to early egg 
abandonment for king penguins breeding at Crozet (Le Maho et al. 1993; Gauthier-Clerc et 
al. 2001). As there was no obvious statistically significant reduction in initial body mass at 
Kerguelen during 2010, it suggests that birds may have been able to compensate for winter 
conditions by their late arrival to breed. This further suggests that changes in foraging 
behaviour observed during incubation and the subsequent poor reproductive success may 
have been mainly related to the feeding conditions encountered during breeding, and not 
caused by the winter/spring conditions. Late breeding is known to decrease chick survival 
due to decreased marine resources later in the season (Gauthier-Clerc 2002). A delayed 
start to breeding may thus decrease the chances of breeding success and may indicate that 
birds decided to favour their own body reserves instead of offspring survival, possibly in a 
similar manner to that of king penguins at South Georgia in 1994 (Olsson & van der Jeugd 
2002). Of course the continued warm conditions during incubation may have meant that 
the poor feeding conditions continued, and though birds were able to compensate for the 
Poor winter conditions, they could not compensate for the prolonged anomalous conditions 
and breeding failure was inevitable. 
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5.5.1.2 Breeding period, February 2010 
King penguin foraging trips during February 2010 extended beyond the foraging range of 
other years with birds travelling further to the south-east. A number of significantly 
decreased dive parameters also suggest that birds may have experienced less favourable 
foraging in 2010 compared with other years. Such decreased foraging performance 
together with increased physiological effort in terms of at-sea time and dive effort is highly. 
likely to reflect reduced prey availability in the usual foraging area (Piatt & Sydeman 
2007, suggesting that oceanography and associated prey resources may have been altered 
in a way that king penguins were not able to compensate for by foraging successfully. 
5.5.1.2.a Oceanographic changes: ocean warming and shifts in key oceanographic features 
in the foraging area of king penguins / 
February 2010 was characterized by pronounced warm SSTA to the east and south-east of 
the Kerguelen Plateau as well as in the FT canyon. As these areas are thought to be key 
locations for king penguin foraging (see Chapter 4), the observed changes in behaviour and 
reproductive anomalies may have been related to the oceanographic conditions in these 
locations. Significant southward shifts in PF and FTC surface signatures reflect the warm 
SSTA, and indicate changes in key oceanographic features in the foraging area of king 
penguins to the south and south-east of Kerguelen. Shifts were most obvious from SST 
isotherms, suggesting that in-situ warming and anomalies in upper-ocean processes played 
an important role. Vertical heat transfer from the ocean surface through turbulent mixing 
may alter thermal conditions in the upper water column in such a way as to cause changes 
in the distribution of myctophids, which are known to be highly sensitive to thennal 
. conditions in their environment (Hulley 1981; Kozlov et al. 1991). As king penguins 
explore relatively shallow water masses (0-350m, Charrassin et al. 2001), such surface 
warming may impact oceanographic structures and associated prey resources. The effects 
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of such surface warming and changes in subsurface oceanography may be further 
amplified by changes in circulation patterns. In addition to shifts in SST isotherms, the PF 
SSH signatures showed extended southward meanders away from the southern variability 
envelope to the south-east of the Kerguelen Plateau, indicating deep-reaching circulation 
changes in the area. The PF is associated with important changes in physical properties of 
the water column, such as the northernmost extent ofWW <2°C at 200 m depth (Orsi et al. 
1995; Belkin & Gordon 1996; Park et al. 1998b). Changes in the path of the PF flow, 
indicated by SSH signatures, therefore reflect shifts in water column properties and 
oceanographic processes at depth, which may in turn impact water mass distribution in 
adjacent areas. The PF approached the Chun Spur to its nearest distance since 1998, based 
on both SST and SSH signatures, implying important oceanographic changes in the Chun 
Spur area, potentially amplifying the effects of in-situ warming. 
Circulation patterns around the Kerguelen Plateau are complex and difficult to evaluate 
from surface characteristics. The absence of combined GPS/Argos -IDR datasets for 2010 
lllakes it impossible to draw detailed conclusions about spatial patterns within the water 
column structure from the available IDR temperature data. Hypotheses about the spatial 
processes at depth must therefore remain speculative. Nevertheless, oceanographic patterns 
observed at the surface from remote sensing and from TOR temperature profiles during 
February 2010 support our suggestions regarding oceanographic patterns. 
171 
5.5.1.2.b Behavioural changes 
Foraging area shifts from the Kerguelen Plateau to offshore areas/oceanic processes 
The disruption of oceanographic conditions at the PF and in the Chun Spur area appeared 
to reduce foraging habitat $uitability in the immediate proximity to the Kerguelen Plateau 
for king penguins. Foraging habitat shifts to greater depths, into waters with stronger 
geostrophic velocities and into waters with higher SSH variability suggest birds increased 
their exploration of dynamic large-and mesoscale features in offshore waters, such as 
ocean currents and eddies. These contrast with the more normally targeted bathymetric-
related processes such as upwelling and the local channelling of subsurface flows 
associated with the Kerguelen Plateau· (see Chapter 4). The SSH signatures of targeted 
waters also clearly show birds were exploring more southerly foraging areas in the AAZ 
and SACCF, indicating that there was a decrease in the profitability of the PF for foraging. 
Such a decrease in foraging habitat suitability in the Kerguelen Plateau area may have 
significant impacts on marine predators. It may result in longer travel times at sea and 
decreased overall foraging trip efficiency due to the greater distances of foraging areas 
from the colony, and to the higher dynamics and therefore potentially lower stability and 
predictability of oceanographic features explored. A decrease in foraging habitat 
profitability at the Kerguelen Plateau, and a shift in foraging habitat to offshore areas, 
could also have negatively impacted other marine predators breeding or feeding at the 
Kerguelen Plateau during 2010. 
Oceanographic chanie and vertical prey distribution 
Diving behaviour indicates that the oceanographic changes in the area to the south-east of 
Kerguelen may have impacted the vertical distribution of king penguins' prey. Shifts in the 
temperature (T) and temperature gradient (gradT) targeted during dive bottom periods 
together with deeper bottom start depths suggests changes in how birds explored the water 
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column; this was also characterised by shifts of bottom periods from the SML, TH and 
WW, to water masses at greater depths such as the cold WW and CDW. The significantly 
reduced profitability of the SML, TH and WW (in terms of dive efficiency and prey 
capture attempts (number of wiggles», indicates the important changes in prey resources in 
these water masses. Myctophids are thought to be sensitive to changes in their thermal 
environment (CoIlins et al. 2008; CoIlins et al. 2012). Heat transfer into the water column, 
by upper-ocean warming or changes in water mass distribution by circulation changes, 
may have changed the upper oceanographic habitat, e.g. the SML, TH and WW, to the 
south-east of Kerguelen in a way that changed the suitability for myctophids. As a 
consequence, king penguins may have been forced to explore alternative water masses at 
greater depth for their prey. 
In the PFZ and PF, shifts from SML and TH to WW exploration suggest reduced prey 
availability in the upper ocean layer, presumably due to the immediate effects of heat 
transfer from the surface into the water column. The TH in particular, has been shown to 
be an important feature for foraging king penguins (Charrassin & Bost 2001; Scheffer et al. 
2012) and other marine predators (Biuw et al. 2007; Dragon et al. 2012). Changes in the 
TH profitability for key foraging areas such as the PF (Bost et al. 2009), may have 
profound impacts on the foraging success and behaviour of marine predators, and may 
have led to the reduced foraging success of king penguins in February 2010. In areas to the 
south of the PF (SST <3°C), shifts from WW to cold WW and CDW during bottom 
periods suggest reduced prey availability in WW. In areas of cold SST to the south of the 
PF, such as in the Chun Spur area and along the Kerguelen Plateau shelf break, WW is 
thought to be of particular importance for foraging king penguins, due to upwellings and 
the subsurface cold-water flow from the FTC (see Chapter 4). Upper oceanic warming in 
the Chun Spur area and the southward shift of the PF flow towards the Chun Spur in 
February 2010 may have led to anomalies in the subsurface cold-water flow and in the 
173 
upwelling processes, possibly altering prey resources associated with WW in these areas. 
However, due to the reduced return in combined TOR and GPS data, it is not possible to 
determine the extent to which changes in vertical foraging behaviour were related to 
alterations in the physical properties of the water column in the usual foraging areas, or to 
changes in foraging areas offshore. 
Importance of COW as an alternative water mass explored 
Significantly increased exploration of the COW during 2010 indicates the increased 
importance of this water mass for foraging king penguins. In contrast to the upper ocean 
water masses, such as the SML, TH and WW, the COW showed no significant reduction in 
the proportional dive time used for bottom periods, and the least reduction in prey capture 
attempts. Similar proportions of prey capture attempts despite the greater depths of CO W 
and therefore the longer dive travel times associated with its exploration, suggest a higher 
profitability of prey resources in COW compared with the upper ocean during 2010. COW 
is found at greater depths than the upper ocean layers normally explored by foraging king 
penguins (SML, TH and WW, see Chapter 4). The COW is usually less affected by any 
direct influences of atmosphere-ocean-seaice interactions, but is more affected by 
bathymetric steering (Roquet et al. 2009). It is therefore possible that due to this 
insensitivity to the atmosphere, the COW may be a conservative and important water mass 
for foraging king penguins, when the upper ocean is affected by environmental forcing. 
Overall, the foraging profitability of the COW may be small compared to the SML, TH 
and WW under normal conditions. However, the apparent stability of this water mass to 
environmental forcing may make it an important element for air-breathing diving predators 
• in some seasons. At South Georgia, king penguins have been reported to explore the COW 
close to the colony when under increased time and energy constraints during brooding. 
However, such COW exploration only took place during short foraging trips, where 
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horizontal travel effort was small (Scheffer et a1. 2012). Such exploration of the CDW may 
occur in response to insufficient prey resources at shallower depths in areas close to the 
colony, or to highly profitable prey in CDW. At Kerguelen, CDW exploration may occur 
in cases of insufficient prey resources in the upper water masses, as happened during 
February 2010. However, in contrast to South Georgia, it does not appear that the CDW 
provided sufficient foraging conditions at Kerguelen, as increased CDW exploration in 
2010 was also associated with high breeding failure. 
Diving to greater depths at higher costs: a behavioural response 
Reductions in prey availability in the upper ocean appear to force king penguins to dive to 
greater depths. Prey pursuit at greater depths results in higher dive effort to reach prey, and 
a smaller proportion of dive time available for the actual prey pursuit phase. This may lead 
to reduced foraging efficiency in terms of CPUE during a dive, if the profitability of the 
prey, e.g. the patch density or the energetic value per unit, is not increased. If prey 
profitability stays constant, foraging effort may be increased to compensate the reduced 
foraging profitability (Charrassin et al. 1998). High dive effort in terms of dive rate • 
bottom start depth in 2010 indicates such increased physiological pressure on the penguins, 
Where dive rate and depth may not have been equalized but both increased. Elephant seals 
from Marion Island have been reported to increase dive rates as a response to greater dive 
depths with less time in the bottom phase of the dives (Mclntyre et al. 2011). However, 
king penguins increased both dive effort as well as surface travel effort and at-sea time, 
. 
still leading to reduced foraging performance and breeding success. Significant disruptions 
in prey availability in the foraging area are likely to have caused such insufficient foraging 
conditions. 
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5.5.2 Connections to environmental variability at large and small scales 
In-situ warming is potentially one of the main mechanisms for oceanographic anomalies in 
the Kerguelen area in February 2010, suggesting an important role of atmosphere-ocean 
interactions. Environmental variability at a variety of spatial and temporal scales probably 
played a role in generating the oceanographic conditions in the south Indian Ocean during 
2009/10, and therewith the observed anomalies in king penguins behaviour. The 
occurrence of the strong oceanographic and behavioural anomalies only for king penguins 
at Kerguelen but not at Crozet (CA Bost, pers. comm.) suggests that behavioural anomalies 
of king penguins breeding at Kerguelen may have been caused by oceanographic 
conditions local to the sector of the Indian Ocean exclusively explored by king penguins 
breeding at Kerguelen and not by those breeding at Crozet. If such anomalies were related 
/ 
to patterns exceeding scales local to the eastern basin of the south Indian Ocean, there may 
have been mechanisms of transferring and potentially amplifying the signal to the 
Kerguelen area, but not to Crozet. 
5.5.2.1 Connection to large-scale patterns: Pacific and Indian Ocean 
Anomalies in king penguins foraging and reproductive success during 2009/10 were 
presumably related to oceanographic conditions in the Indian Ocean prior to and during 
breeding. In late 2009 and early 2010, the Indian Ocean was characterized by a significant 
basin-wide warming from remote El Niiio impacts (Blunden et al. 2011), reaching a 
historical high with even higher SSTA than during the strong 1997/98 El Niiio event 
(Blunden et al. 2011). The extreme nature and the spatial and temporal extent of the Indian 
Ocean warming in 2009/10, particularly in the eastern south Indian basin, suggests that this 
pattern may have impacted oceanographic conditions and therefore prey availability in 
king penguins' foraging.areas during pre-breeding and breeding. 
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Oceanography in the Indian Ocean is strongly impacted by the central Pacific, with Indian 
Ocean warming occurring during ENSO warm phases (Blunden et aI. 2011). Atmospheric 
teleconnections as well as large-scale oceanographic processes are thought to be 
responsible for the close connection between the Indian and Pacific Oceans (Klein et aI. 
1999). The year 2009 and early 2010 were characterized by the development and maturing 
of a strong El Nifio event in the tropical Pacific (Lee & McPhaden 2010; Arndt et aI. 
2010). This El Nifio event has been classified as a Central Pacific (CP) El Nifio (Lee & 
McPhaden 2010), or El Nifio Modoki (Ashok et aI. 2007), which distinguishes it from the 
classical Eastern Pacific (EP) El Nifio; this is characterised by the maximum warm SST A 
located in the central and not the eastern equatorial Pacific. The 2009/10 El Nifio has been 
shown to possess unique characteristics, such as the highest SST A in the central equatorial 
Pacific, and has therefore been classified as the strongest CP El Nifio for 30 years (Lee & 
MCPhaden 2010). Moreover, atmospheric teleconnections and remote impacts of CP El 
Nifio events are thought to be different from the "classical" EP El Nifio (Ashok et al. 2007; 
Weng et aI. 2007; Kug et al. 2009), but are less well studied and less well documented. The 
breeding season 1997/98 was characterized by the occurrence of a pronounced El Nifio, but 
of the EP type. The less extreme impacts on king penguins at Kerguelen of this El Nifio 
may have resulted from the different patterns of EP and CP El Nifio events, and their 
different remote impacts. This hypothesis is not investigated further here, so remains 
somewhat specUlative. However, projected environmental change in the Indian Ocean, 
with warming (Luffman et aI. 2009) and increasing intensity (Lee & McPhaden 2010; Ren 
& Jin 2011) and frequency (Yeh et aI. 2009) of the CP El Nifio may indicate that the 
breeding season 2009/10 is a potential indication of future trends in the Indian Ocean and 
POssibly also in the area around Kerguelen. 
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5.5.2.2 Connections to regional atmospheric processes: Cumulative effect of storm and 
warm anomalies in the South Indian basin 
The extreme and temporally restricted nature of the oceanographic anomaly at Kerguelen 
during February 2010, and the occurrence of behavioural anomalies in king penguins only 
at Kerguelen but not at Crozet, suggests that forcing local to the area around the Kerguelen 
Plateau may have played a major role in addition to potential effects of larger-scale 
phenomena such as ENSO, potentially transferring and/or amplifying the larger-scale 
signal from the Indian Ocean to Kerguelen. In early February 2010, SLP and wind patterns 
indicated the passage of a pronounced storm in the Kerguelen area. Oceanography around 
the Kerguelen Plateau has been shown to be significantly impacted by local wind stress, 
with time lags of only several days (Meredith et al. 2004). High-frequency atmospheric 
anomalies such as storm events are therefore likely to have significant and immediate 
impacts on the local oceanography around Kerguelen. Wind stress plays an important role 
in the transport of water masses, creating Ekman transport of the upper ocean layer in 90° 
(to the left in the Southern Hemisphere) of the wind direction (Brown et al. 2001; Stewart 
2008). The easterly wind anomaly from the storm in the Kerguelen area during early 
February 2010 may have created a southward Ekman transport of warm more northerly 
Indian Ocean waters to the Kerguelen Plateau. Such anomalous Ekman transport, due to 
local wind forcing, may have transferred the remote impacts of El Nifio from the 
subtropical Indian Ocean to more southerly latitudes, possibly amplifying the effects of the 
El Nifio in the Kerguelen area. 
In addition to changes in Ekman transport, storms are known to have significant immediate 
impacts on the upper ocean (Kraus & Turner 1967; Black & Dickey 2008), which may 
have important consequences for the thermal structure of the water column and associated 
prey resources for king penguins. Wind stress may increase vertical mixing in the upper 
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water column (Kraus & Turner 1967), which may have enhanced the intrusion of the warm 
surface waters into the upper ocean. Heat transfer from the SML to the thermocIine by 
increased turbulent mixing may lead to a warming of the upper thermocline (Black & 
Dickey 2008). This may have reduced the suitability of the thermocIine and adjacent water 
masses, such as the SML and WW, for myctophids, as shown by the lower foraging 
performance of king penguins associated with the SML, TH and WW in 2010. Storm 
passage in the open ocean is known to cause local deepenings of the SML (Black & 
Dickeney 2008) and may also deepen the underlying water masses, such as the thermocline 
and WW, which are key features for foraging king penguins (see Chapter 4). In addition to 
changes in prey distribution, due to the warming of the water column, a deepening of these 
upper water masses may imply higher dive efforts for foraging king penguins to reach 
associated prey resources; this was indicated by the deeper bottom start depths in 2010. 
Increased vertical mixing by the storm may furthermore decrease the stratification of the 
water column (Black & Dickey 2008; Ropert-Coudert et al. 2009b), and local warm-water 
intrusions, SML deepenings and thermocline warmings, leading to irregUlarity in the water 
column structure, as shown by the TDR temperature profiles. Such a loss of structure in the 
water column may lead to the dispersion of myctophids associated with specific water 
masses or thermal features (Charrassin & Bost 2001; Scheffer et al. 2012). Ropert-Coudert 
et al. 2009 suggested reduced prey availability for little penguins in mixed waters, which 
may also be the case for king penguins. 
Storms have been reported to cause important oceanographic and ecological disturbances 
in various ocean systems (Paine et al. 1998; Yang et al. 2004; Black & Dickey 2008), and 
to impact higher trophic levels such as marine predators (Ropert-Coudert et al 2009; Lea et 
al. 2009). Local amplification by storm activity of ENSO-related effects on oceanography 
and marine ecosystems occurred during the strong El Nifto events in 1982/83 (paine et al. 
1998) and 1997/98 (Napp & Hunt 2001). In February 2010, the combined effect of the 
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Indian Ocean warming by El Nifl.o together with the southward warm-water transport and 
changes in the water column by the storm passage may have led to oceanographic 
disturbances in the area around Kerguelen that significantly impacted king penguins' 
foraging. Ecosystem disturbances through such amplified effects of perturbations may be 
of higher amplitude than anticipatep and result in "ecological surprises", as ecosystem 
responses may be multiplicative and not additive (Paine et al. 1998). King penguin trip 
duration (Le Maho et al. 1993), and marine predator behaviour in general (Weimerskirch et 
al. 2003; Costa et al. 2010), may be considered as plausible indicators of the marine 
ecosystem, suggesting that the extreme behavioural and reproductive anomalies of king 
penguins were an ecosystem response with increased amplitude at Kerguelen in 2010. The 
amplification effect of environmental conditions may be one of the crucial differences to 
the 1997/98 breeding season, when king penguins breeding at Kerguelen did not show any / 
comparable anomalies in foraging and breeding success despite the occurrence of the 
strong El Nino. Although there are no consistent predictions about the future frequency of 
storm occurrences (Meehl et al. 2000; Webster et al. 2005; Emanuel et al. 2008), it has 
been suggested that it will increase in the south Indian Ocean with Indian Ocean warming 
(Xie et at. 2001; Luffman et al. 2009). This may mean increased risks of similar 
perturbations on the Kerguelen ecosystem, potentially amplifying the signatures of larger-
scale environmental variability, or locally altering water column properties. 
5.5.3 Biological significance of the 2010 event 
The breeding season of 2009/10 was characterized by behavioural and reproductive 
anomalies for king penguins of unpreceded extent, when compared with any year since the 
start of the long-term monitoring programme at Kerguelen (1998). Environmental 
variability is known to impact penguins (see review in Forcada & Trathan 2009; Bost et at 
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2011; Peron et al. 2012) as well as other seabirds (Weimerskirch et a1. 2003; Jenouvrier et 
a1. 2005; Frederiksen et a1. 2008; Barbraud et a1. 2011) as well as other marine predators 
across the Southern Ocean (Murphy et a1. 2007; Trathan et a1. 2007; Costa et a1. 2010). 
However, environmental change occurs on different temporal and spatial scales, ranging 
from large-scale background signals to small-scale weekly or daily events. In addition to 
long-term changes in the mean climate, small-scale weather events may significantly alter 
environmental conditions and possibly amplify the effects of larger-scale modes of 
environmental variability or climate change. Non-linear ecosystem responses to the 
amplified effect of multiple disturbances (Paine et al. 1998; Meehl et a1. 2000) as well as 
complex air-sea and ecosystem interactions may make the modelling-based prediction of 
the impacts of future environmental variability on ecosystems and marine predators 
difficult. 
Extreme anomalous events have the potential to allow insights into reactions of ecosystems 
and specific components to extreme conditions, which may indicate potential reactions and 
adaptations to future environmental change (Trathan et a1. 2007; Forcada & Trathan 2009; 
Peron et a1. 2012). Extreme events are characterized by their unproportional effects 
compared with their short duration, measured by statistical extremity with respect to a 
given historical reference period and by the abruptness relative to the life cycles of the 
organisms affected (Jentsch et al. 2007, see Figure AI). At Kerguelen, behavioural indices 
such as trip duration, distance traveIJed and diving behaviour, reproductive success and 
environmental parameters targeted during the penguins' foraging trips, as well as 
environmental conditions local to the foraging area and at larger scales regarding the CP 
ENSO signal clearly exceeded records since the start of the Kerguelen king penguin 
monitoring programme in 1998 and mostly occurred at small temporal scales, suggesting 
the extreme nature of the breeding season 2009/10 in terms of environmental conditions as 
well as behavioural responses of king penguins breeding at Kerguelen. 
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Extreme events can push an ecosystem beyond the threshold of its dynamic equilibrium 
and lead to ecosystem regime shifts with new system trajectories (Scheffer & Carpenter 
2003). However, less severe events not inducing such profound shifts may allow important 
insights into responses of different ecosystem components to extreme conditions. 
Examining the local and larger-scale environmental conditions causing extreme 
behavioural patterns may further allow the identification of key features or conditions that 
may be crucial for a given system or one of its components at local scales, and allow for 
the assessment of potential connections to larger-scale climate signals. Investigating the 
environmental conditions as well as the links between oceanography and behaviour leading 
to anomalies in king penguins' behaviour is therefore important for a better understanding 
of key elements in king penguins' foraging and reproductive success, and in order to better 
assess potential reactions about future environmental change. 
Changes in the distribution of environmental parameters such as the mean and variance 
lead to non-linear changes in the frequency and amplitude of extreme events due to shifts 
in the distribution tails (Mehl et al. 2000; Jentsch et al. 2007). Ongoing climate change and 
future warming of the oceans (Oille 2002; Solomon et al. 2009), means extreme events are 
predicted to be more frequent (Jentsch et al. 2007; Solomon et al. 2007; Jentsch & 
Beierkuhnlein 2008). Intensification of weather extremes is currently emerging as an 
important aspect of climate change, and research on extreme events (event-focused in 
contrast to trend-focused) has increased in recent years (Jentsch et al. 2007). Investigating 
ecosystem or species reactions towards extreme events and evaluating critical 
environmental conditions where systems or components can not adjust, and the underlying 
causes for these critical points is an important issue. The 2010 event allows insights into 
key elements of successful foraging of king penguins breeding at Kerguelen, and into 
possible reactions towards pronounced changes in their foraging habitat. 
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Impact of extreme events on top predators ecology 
Extreme weather events have been shown to negatively affect marine predators in the 
Southern Ocean, including factors such as the survival of fur seal pups (Lea et al. 2009) 
and seabirds (Frederiksen et al. 2008). For threatened seabirds, extreme events are thought 
to lead to higher probability of extinction through increasing process variance in survival 
(Frederiksen et al. 2008). Our study confirms the negative impact of extreme 
environmental events on king penguins breeding at Kerguelen in terms of foraging and 
reproductive success, which is ultimately impacting upon their survival. It therefore 
underlines the importance to including the impacts of extreme events and their increasing 
frequency (Solomon et al. 2007) into predicting the ecological effects of climate change as 
suggested by Frederiksen et al. (2008). At South Georgia, penguins and fur seals showed 
their lowest weaning and fledging masses on record during a local warm SST anomaly in 
the foraging area of these marine predators during the breeding season 2009 (Hill et al. 
2009). Even though a warm year was expected from remote impacts (Meredith et al. 2008; 
Hill et al. 2009), the local warming was greater than expected, and predator data and a 
combined standard index suggest 2009 to be the worst year on record with only 1994 being 
comparable (Croxall et al. 1999; Hill et al. 2009). It has been suggested that the warm SST 
anomaly may have been caused by intense in-situ heating of the mixed layer as a 
consequence of local atmospheric effects (Hill et al. 2009). Such patterns of local upper-
ocean warming and extreme effects on marine predators, potentially also through 
alterations in prey distribution, may be similar to 'the situation and mechanisms at 
Kerguelen during February 2010. At Kerguelen, other predator species feeding on 
rnyctophids may have been affected in a similar way as king penguins from the anomaly in 
200911 0; however these species may not have been monitored during that period. 
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At Kerguelen in February 2010, the clear changes in patterns of oceanography and patterns 
of king penguin behaviour, appeared to be caused by the occurrence of strong large-scale 
signals of environmental variability (El Nino + Indian Ocean warming) in combination 
with the smaller-scale atmospheric anomaly in the foraging area (storm passage). Drastic 
southward shifts in key oceanograppic features in the area to the south and south-east of 
Kerguelen presumably induced significant changes in upper water column properties, and 
therefore in prey resources for king penguins. The PF position in the area to the south-east 
of Kerguelen seems to play a critical role by significantly impacting the cold-water influx 
from the FTC over the Chun Spur, which is thought to be of considerable importance for 
the structure of the oceanographic habitat in the area to the south-east of Kerguelen, and 
therefore for king penguin foraging. Shifts in the horizontal and vertical foraging habitat as 
well as significant increases in foraging effort at the surface and at depth indicate the / 
behavioural responses of king penguins to the extreme anomaly. However, even though 
body mass gains indicate success in terms of adult survival, the exceptionally low 
reproductive success shows that the behavioural adaptations towards the extreme 
environmental conditions were not successful in terms of offspring survival. Long-lived 
species such as king penguins integrate across years when events of low reproductive 
success occurred. However, such complete breeding failure as reported for king penguins 
at Kerguelen in 2009/10 may impact future population development, and should be a 
subject of future monitoring work at Kerguelen. 
Southward shifts of the PF as well as oceanic warming are expected to increase in the 
future (Solomon et al. 2009). Therefore, the breeding season of 2009/10, as a year of 
historical highs for Indian Ocean SST (Blunden 2011), may provide valuable insights into 
the potential consequences of the projected continuing warming of the Indian Ocean 
(Luffinan et al. 2009). Although there is no consensus about the general impact of climate 
change on future storm activity (Meehl et al. 2000; Webster et al. 2005; Emanuel et al. 
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2008), stonn tracks in the southern Indian Ocean are thought to be enhanced with 
continued warming (Luffman et al. 2009) through increases in meridional temperature 
gradients and release of latent heat in baroclinic eddies (Luffman et al. 2009), as well as 
through down welling of EI-Nifio generated Rossby waves (Xie et al. 2001). The 2010 
event may therefore allow insights into the potential consequences of the projected future 
warming, particularly southward shifts of the PF and/or increased occurrences of extreme 
events such as storms events on king penguins breeding at Kerguelen. The reduced 
suitability of the area near to the Kerguelen Plateau for king penguin foraging, resulting in 
increased time and energy requirements, as well as in their exploration of potentially less 
stable oceanographic features in the open ocean, illustrates the negative effects of the 
extreme environmental situation on king penguins. These consequences may be important 
for other marine predators feeding near to the Kerguelen Plateau, particularly those that use 
similar areas and oceanographic structures for foraging, and are dependent on similar 
oceanographic and atmospheric processes (Hindell et al. 2011). 
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Figure A1: Definition of a discrete abrupt 
event, defined by magnitude over 
duration. Figure from Jentsch et al. (2007). 
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Annex A: Exploration of offshore oceanographic features during February 2010 on the 
example of one penguin (shown in white). Colours indicate SSH, arrows direction and 
intensity of the geostrophic current. Grey lines show bathymetry at 0,1000 and 2000 m depth. 
SSH and geostrophic velocities represent oceanography during 4 days in the Middle of the 
foraging trip, when the bird foraged in proximity of the warm-core oceanographic feature in 
the south. Data source for SSH and geostrophic velocities: Aviso. 
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(b) - February 2010 
(a) - February 1998 
SSTA (0C) 
·1.5 ., 2'C 
Annex B: Monthly SSTA maps for February a - 2010 and b - 1998. In the equatorial Pacific warm 
SSTA show the typical El Nino signature for a - Central Pacific (CP) El Nino, and b - Eastern Pacific 
(EP) El Nino. The green boxes indicates the study area around Kerguelen. Data source: HadlSSTl 
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Annex C: Daily snapshots of Mean Sea level Pressure anomaly patterns in the southern Hemisphere from 2S January - 6 February 2010, Illustrating 
the development of the high-Iow pressure system causing the storm in the Kerguelen area. Data source: NOAA NCEP. 
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Chapter 6 
Impact of environmental variability on the foraging 
behaviour of king penguins breeding at Kerguelen 
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6.1 Abstract 
In the marine environment, variability in mesopelagic conditions is known to influence the 
distribution of mid-trophic level species which are prey for diving predators, including 
king penguins. Investigating the behavioural responses of marine predators to variability in 
key oceanographic features is crucial for our understanding of the animals' foraging 
strategy, and how they might cope with future environmental change. 
In this study we examined the foraging behaviour of king penguins breeding at Kerguelen 
(south Indian Ocean) in relation to variability in oceanographic features in their foraging 
area, and how birds may adapt to variability in such features. We used ARGOS and Global 
Positioning System (GPS) tracking together with Time-Depth-Temperature-Recorders 
(TDR) to follow the at-sea movements of king penguins. Combining observed penguin / 
behaviour with oceanographic data at the surface through satellite data and at depth 
through in-situ recordings by the penguins enabled us to explore how such predators adjust 
their horizontal and vertical movements in response to variability in their physical 
environment. 
The position of the Polar Front (PF) and its interaction with the cold-water influx from the 
Fawn Trough Current (FTC) to the south-east of Kerguelen appeared to be of key 
importance for mesopelagic foragers such as king penguins, indicated by adjustments in 
their foraging trip duration as well as diving behaviour following movements of these 
oceanographic features. Southward shifts in the PF and FTC positions, resulting in a 
reduction of the cold-water influx over the Chun Spur into the penguins' foraging area, 
lead to significant increases in foraging trip duration extending into Antarctic Zone (AAZ) 
and Southern Antarctic Circumpolar Current Front (SACCF) waters, as well as to 
increased exploration ofCircumpolar Deep Water (CDW) at depth. 
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Our study indicates that the FTC influx into the area to the south-east of Kerguelen and its 
interaction with the PF and the Kerguelen Plateau bathymetry plays a key role for foraging 
king penguins. Southward shifts in this cold-water flux appear to result in reduced foraging 
habitat profitability of the immediate Kerguelen Plateau area to king penguins, indicated 
by reduced use of areas related to the Kerguelen Plateau bathymetry, and increased 
exploration of offshore oceanographic features of higher geostrophical velocities and more 
southern surface signatures as well as by the exploration of water masses of southern origin 
at greater depth. 
6.2 Introduction 
Environmental variability is known to impact oceanography at the surface and in the water 
column, therewith influencing the distribution and abundance of prey for upper trophic 
levels such as marine predators. Assessing of the potential impact of environmental 
Variability and climate change on marine predators requires the identification of the key 
oceanographic features and the processes on which the animals rely for foraging/which the 
animals explore during foraging as well as information about how these oceanographic 
features are varying over time, and how they are likely to change in the future (Lea & 
Dubroca 2003; Weimerskirch et al. 2003; Jenouvrier et al. 2009; Costa et al. 2010). 
King penguins are important avian predators of the Southern Ocean (W oehler 1995; Bost 
et al. 2012). They rely mainly on myctophids (Myctophidae: lantern fish) (Cherel & 
Ridoux 1992), mesopelagic fish that are generally associated with particular water masses 
or temperature ranges (Hulley 1981; Kozlov et al. 1991) as well as with fronts and related 
OCeanographic features (Brandt et al. 1981; Pakhomov et al. 1996; Rodhouse et al. 1996). 
The horizontal and vertical distribution of water masses is therefore of key importance for 
foraging predators such as king penguins. King penguins are known to explore their 
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foraging habitat in a non-random way, targeting large- and mesoscale surface features such 
as fronts and eddies (Cotte et al. 2007; Trathan et al. 2008; Scheffer et al. 2010) as well as 
specific water masses and thermal features within the water column (Charrassin & Bost 
2001; Scheffer et al. 2012) during prey search. However, we still have little knowledge 
about how king penguins may adapt to variability in these oceanographic features explored 
during foraging. 
During the summer breeding season, king penguins have important time and energy 
constraints, arising from their need to regularly return to their colony to relieve their 
incubating partner or provision their chick (Charrassin et al. 1998, 2002; Halsey et al. 
2010). The breeding success of central-place foragers such as king penguins therefore 
critically depends upon the quality and quantity of food gathered by the parents as well as 
upon their efficiency in exploring the prey resources within their foraging ambit 
(Weimerskirch 2007). Such factors will contribute towards determining their foraging trip 
duration as well as their exploration of the foraging habitat at the surface and at depth. 
The Kerguelen archipelago is located within the flow of the Antarctic Circumpolar Current 
(ACC) in the south Indian Ocean, with the Sub-Antarctic Front (SAF) situated to the north 
and the Polar Front (PF) and Fawn Trough Current (FTC) to the south. The most 
prominent oceanographic features in the area to the south-east of Kerguelen are the Polar 
Front (PF) and the Fawn Trough Current (FTC), both of which are part of the ACC. The 
PF has been identified to flow eastwards across the northern Kerguelen Plateau just south 
of Kerguelen (park et al. 1998; Charrassin et al. 2004; Park et al. 2008b, Park & Vivier 
2011), then wraps anticyclonicaUy around the island from the south-east to continue its 
flow north-eastward, and then flows again south-eastwards along the east of the Kerguelen 
Plateau (park & Vivier 2011). The FTC is a strong current flowing along the southern edge 
of the Northern Kerguelen Plateau through the Fawn Trough, a deep passage (<2800 m) 
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separating the Southern and the Northern Kerguelen Plateau and channelling an important 
part of the ACC flow (Park et al. 2008b; Roquet et al. 2009). The cold WW advected from 
the Fawn Trough over the Chun Spur flows northwards along the eastern shelf break of the 
Kerguelen Plateau, forming a cold-water subsurface tongue that can extend up to the 
latitude of Kerguelen (Charrassin et al. 2004; Park et al. 2008b; van Wijk et al. 2010), 
where it reaches depths of ~100 m (Charrassin et al. 2004). Its northward extension 
appears to be variable, but the factors affecting the flow are not well understood. 
King penguins are one of the most important avian predators breeding at Kerguelen (Bost 
et al. 2012), comprising an estimated 342 000 breeding pairs, quickly increasing 
(Chamaille-Jammes et al. 2000; Bost et al. 2012, last estimate dating to 1999). During the 
summer season, king penguins generally explore the area to the south-east of Kerguelen 
during their incubation, brooding and creche foraging trips (see Chapter 4; Koudil et al. 
2000; Charrassin et al. 2002; Bost et al. 2002; PUtz et al. 2002; Charrassin et al. 2004; Bost 
et al. 2011; Hindell et al. 2011), where the subsurface tongue of cold water originating 
from the FTC and its juxtaposition with the PF have been shown to be of key importance 
for the foraging penguins (see Chapter 4; Charrassin et al. 2002; Charrassin et al. 2004). 
However, there is currently no knowledge about how penguins may adapt to changes in 
these key oceanographic features, and what may be their limits of flexibility in foraging 
behaviour to buffer such variability. 
King penguins are thought to be vulnerable to environmental variability (Le Bohec et al . 
. 
2008; Bost et al. 2011; Peron et al. 2012); although most such studies have not explored 
how king penguins utilise the water column and instead have relied upon studies based on 
surface behaviour. However, diving predators such as king penguins critically rely upon a 
3-dimensional habitat, and so are impacted by oceanographic conditions in both the 
horizontal and vertical dimensions. In order to better understand the foraging behaviour of 
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penguins and other diving predators, and to evaluate the potential impacts of 
environmental change on an animals' behaviour and survival, changes in vertical habitat 
descriptors and the impact on the animals' behaviour must be taken into account (Costa et 
al. 2010; Hindell et al. 2011). The use of in-situ oceanographic data collected by animal-
borne devices in combination with ,surface tracking allows us to study the movements of 
diving predators in their 3-dimensional habitat and to investigate how environmental 
conditions encountered in the horizontal and vertical dimension may impact the animals' 
behaviour (Costa et aI. 2010; Hindell et aI. 2011). 
In this study we investigated the foraging behaviour of king penguins breeding at 
Kerguelen in relation to variability in oceanographic conditions within their foraging area. 
We explored interannual differences in foraging behaviour at the surface and at depth in 
relation to changes in key oceanographic features in their foraging area which have been 
shown to be explored during foraging (see Chapter 4). In this context we particularly 
investigated the impact of changes in the PF position the northward extent of the FTC 
influx into the penguins' foraging area, both of which have been shown to be important 
features explored by foraging king penguins at Kerguelen (see Chapters 4 and 5). 
6.3 Material and Methods 3 
6.3.1 Study area, study period and device deployment! 




6.3.2 Environmental data 
Environmental data used (bathymetry and slope, remotely sensed oceanographic as well as 
vertical temperature data and water mass definition) correspond to those described in 
Chapter 5. 
6.3.3 Data analysis: 
Data analyses were performed using Matlab (The MathWorks, Inc., MA 01760-2098, 
USA) and the custom-made software MultiTrace (Jensen software systems, Laboe, 
Germany). 
6.3.3.1 Analysis of surface behaviour: 
Processing of the Argos and GPS data was carried out as described in Chapter 4, using the 
process model of state space models for the Argos data. First-passage time analysis was 
applied to the surface tracking data to identify foraging behaviour (see Chapter 4 for a 
more detailed description). For each location we assigned SSH, geostrophic velocity, 
bathymetry and slope values by searching for the geographically nearest value within the 
corresponding dataset. Surface locations were then assigned to frontal classes (PFZ, PF, 
AAZ, SACCF) based on SSH signatures following Venables et al. (2012), and to 
bathymetry classes based on depth and slope. Bathymetry classes were dermed as shelf 
(depth <=1000, slope <0.2), shelf break (depth >1000m, slope >==0.2) and offshore (depth 
> 1000, slope <0.2). 
For each bird, we calculated the trip duration from the Argos and GPS data. Exact 
departure and return times from and to the island were determined from the TDR data for 
birds with Argos/GPS and TDR devices, and from field observations and visual inspection 
of surface tracks arriving at the colony for Argos/GPS data only. 
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6.3.3.2 Analysis of diving behaviour: 
A zero offset correction was applied on the dive data. Only dives deeper than 50 m depth 
were used for analysis, as they were considered to represent the majority of king penguins 
foraging dives (Plltz et al. 1998; Charrassin et al. 2002). 
Diving behaviour and the use of the water column by the penguins while foraging was 
analysed by considering the bottom phase and wiggle numbers of the dives, as the bottom 
phase is thought to be the most important phase for prey capture (Charrassin et al. 2002, 
Simeone & Wilson 2003; Ropert-Coudert et al. 2006), and wiggles have been shown to be 
reliable indicators of prey capture by king penguins (Simeone & Wilson 2003; Takahashi 
et al. 2004; Bost et al. 2007; Hanuise et al. 2010). The duration of the bottom phase was 
defined as the time between the first and last wiggle or dive step deeper than 75% of the 
maximum dive depth, following Halsey et al. (2007), and the number of wiggles as 
deviations> 1 m of depth with an absolute vertical instant greater than 0 as a reliable proxy 
of feeding success (Bost et al. 2007; Hanuise et al. 2010). 
Vertical profiles of diving behaviour and in-situ thermal properties of the water column 
were calculated as described in Chapter 4. 
The relative bottom time spent in a specific water mass was calculated as the proportion of 
the total bottom time of the dives spent in the particular water mass. This allowed the 
evaluation of the importance of a water mass for prey pursuit. Comparisons of the relative 
Circumpolar Deep Water (COW) bottom times at different PF and FTC positions allowed 
to assess how birds explored the water column depending on the frontal positions. 
As king penguins are visual feeders and essentially forage during the daylight and twilight 
hours (Bost et al. 2002), night dives were excluded from these analyses (corresponding to 
16.7% of the total dives < 50 m depth, and 2.1 % of the total dives> 50 m depth. However, 
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for birds equipped with TDR devices only, geographical coordinates of the dives could not 
be calculated. For the approximate identification of sunrise and sunset, and the consequent 
discharge of night dives from the analysis, we used the sunrise time at the easternmost and 
sunset time at the westernmost point reached by the foraging trips. This method allowed to 
exclude night dives from the analysis while being conservative for twilight hours, leading 
to including some night dives into the analysis instead of possibly discharging twilight 
dives if sunrise and sunset times were set too late or early, respectively. 
6.3.3.3 Identification offrontal positions in the foraging area 
We used frontal positions in the area to the south-east of KergueIen to characterize 
oceanographic conditions in the king penguins' foraging area. Surface positions of 
oceanographic features, particularly of the PF, can be determined from different 
parameters such as SST (Orsi et al. 1995; Park et al. 1998b; Moore et al. 1999b) or SSH 
(Sokolov & Rintoul 2009; Venables et al. 2012). In our study, indices of frontal positions 
in the area to the south-east of Kerguelen were determined from SST signatures, as SST 
provided the best surface evidence for shifts in the FTC from visual inspections of the SST 
and SSH signature maps (see Chapter 5, Figures 5.8 and 5.9). The PF surface signature 
was defined 4°C from SST, corresponding to the southern boundary of the 4-5°C PF 
signature (Park et al. 1998). As there are contrasting definitions of the FTC surface 
Signature in the literature (Park et al. 1998; van Wijk et al. 2010; Park & Vivier 2011), the 
SST signature for the FTC was determined as the ll-year means of SST in the Fawn 
Trough canyon from 1998-2009, thus characterizing the surface expression of the flow 
through the Fawn Trough without making pre-assumptions about frontal assignments. The 
frontal positions were determined in the area between 55-600 S, 80-82°E, where the FTC 
reaches its northernmost position to the south-east of the Kerguelen Plateau and 
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approaches the PF above the Chun Spur. The PF position was defined as the southernmost 
position of the 4°C contour, and the FTC position as the northernmost position of the 1.6°C 
contour within the defined area. 
6.3.3.4 Relations between frontal positions (Polar Front and Fawn Trough Current) in the 
foraging area 
To investigate the spatial variability of the FTC with the PF position in the area to the 
south-east of Kerguelen, we plotted daily FTC against PF positions for the period of 
February 1998 - 2011. Mean and percentiles ofPF positions at the 5% and 95% level were 
determined for the FTC position being located to the north and the south of the Chun Spur 
in order to identify threshold PF positions of the FTC switching to the south of the Chun 
Spur. We used linear regression to quantify relations between the PF and FTC position for 
the FTC being located to the N or the S of the Chun Spur. 
6.3.3.5 Impact of frontal positions on foraging behaviour and foraging habitat exploration 
To investigate the impact of frontal positions on the penguins' foraging behaviour at the 
surface and at depth we compared the horizontal foraging habitat use (bathymetric and 
fmntal classes explored during foraging) and the diving behaviour (number of wiggles per 
dive and the exploration CDW within the water column) at different PF and FTC positions 
characterizing the situation of the FTC being located i) to the north of the Chun Spur, ii) to 
the south of the Chun Spur, or iii) to the north or the south of the Chun Spur. Comparisons 
of the penguins' behaviour at the different frontal positions were carried out using Kruskal-
Wallis tests as tests for normality failed (Jarque Bera test) and transformations did not help 
the data to conform to the normality assumption. When significant differences were found 
198 
/ 
among groups, an all pairwise mUltiple comparison (Dunn's method) was performed to 
determine the groups that differed from the others. Relations of the penguins' foraging trip 
durations and body mass gain during incubation and brooding with the PF position were 
investigated using linear and quadratic regression. 
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6.4 Results 
6.4.1 Interactions and variability of oceanographic features in the area to the south-
east of Kerguelen 
The PF and FTC positions based on SST signatures in the Chun Spur area showed linear 
relationships with FTC positions north of 53.5°S (Fig. 6.1a). Abrupt southward shifts of 
FTC positions occurred from PF positions of 51.2°S, leading to a loss in linearity between 
the PF and the FTC positions (R2 = 0.46 ifFTC north of 53.5°S; R2 = 0.1 ifFTC south of 
Spatial patterns of the FTC surface signature overlaid on the Kerguelen Plateau bathymetry 
illustrates that the break in linearity corresponds to the FTC shifting to the south of the 
Chun Spur, with the surface patterns of FTC waters changing from looping northward over 
the Chun Spur to a straight flow through the FT canyon, leading to abrupt and non-linear 
shifts in FTC position latitudes (Fig. 6.1 b). 
Figure 6.1 (next page): Oceanographic Interactions between the Polar Front (PF) and the Fawn 
Trough Current (FTC) In the south-east of Kerguelen during February 1998-2011. a -
Position of the FTC In relation to the PF position in the area to the north of the Chun Spur. 
Frontal positions are determined from 55T surface signatures: the northernmost position of the 
1.6°C isotherm for the FTC, and the southemmost position of the 4°C isotherm for the PF (a 
detailed description is given in M&M). Green lines Indicate the 5% and 95% percentiles of the 
FTC positions bE!lng shifted to the south of the Chun Spur. b - Spatial patterns of the FTC 
surface signature from 55T, with the FTC looping to the north of the Chun Spur (red), and 
shifted to the south of the Chun Spur (yellow), illustrating the non-linearity of FTC shifts to the 
south of the Chun Spur. c - Trip duration of incubatin, (red) and brooding (blue) birds in 
relation to the Polar Front (PF) position derived from 55T data. Dotted lines represent 
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6.4.2 Foraging behaviour and body mass gain in relation to frontal positions 
Trip duration of incubating birds increased with the southward position of the Polar Front 
(R2=O.71) (Fig. 6.lc). Foraging trip duration showed increases from PF positions south of 
51.36°S, where FTC shifts occurred. 
The penguins' horizontal foraging habitat regarding bathymetric features and 
oceanographic properties changed with the PF position (Fig. 6.2). Both incubating and 
brooding birds showed decreased exploration of shelf break areas, with incubating birds 
increasing foraging in offshore regions, and brooding birds increasing the exploration of 
the Kerguelen shelf (Fig. 6.2a). Incubating birds showed shifts towards increased 
geostrophic velocities and more southern SSH signatures until the SACCF. Brooding birds 
showed shifts towards warmer SST with the PF moving southwards (Fig. 6.2b). 
/ 
Diving behaviour and water masses exploration during bottom periods of incubating birds 
changed with the positions of the Polar Front (Fig. 6.3). Wiggle numbers were significantly 
0" 
reduced (Fig. 6.3a) and CDW exploration during bottom periods significantly increased 
(Fig. 6.3b) with the PF south of 52°S, corresponding to the FTC being shifted to the south 
of the Chun Spur. For brooding birds, there was no apparent pattern of diving behaviour 
change with the frontal positions (figure not shown). 
Body mass gain (BMG) of incubating birds increased with the south position of the PF, 
whereas brooding birds showed decreasing BMG (R2=O.29 for incubation, R2=O.36 for 
brooding) (Fig. 6.4). 
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Figure 6.2: Changes in horizontal foraging habitat regarding a - bathymetry and b-
oceanography (SSH, geostrophic velocities, SST) of incubating and brooding penguins. 
Bathymetry classes (shelf, shelf break, offshore) were defined based on depth and slope, see 
M&M for details. • .. indicate significant differences to the other groups with p = 0.01 
(Kruskal-Wallis Test), if placed next to the boxplot figure, all groups showed significant 
differences to the others. PFZ: Polar Frontal Zone; PF: Polar Front; AAZ; Antarctic Zone; 
SACCF: Southern ACC Front. 
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6.5 Discussion 
6.5.1 Response of a diving marine predator to oceanographic variability 
The foraging behaviour of king penguins breeding at Kerguelen showed significant 
responses to environmental variability in their surface travel and diving behaviour as well 
as body mass gain. Regional variability in oceanographic conditions in the area to the north 
of the Chun Spur appeared to be of key importance for changes in foraging of diving 
predators such as king penguins, with southward shifts in the PF and FTC surface 
signatures negatively impacting the penguins' foraging efficiency. 
6.5.2 Role of the Polar Front and Fawn Trough Current 
The PF and the FTC are the two major large-scale oceanographic features in the area to the 
south-east of Kerguelen, playing important roles for foraging king penguins breeding at 
Kerguelen (see Chapter 4). Variability in surface characteristics of these ocean features is 
likely to have important impacts on the thermal properties of water at depth and hence on 
the distribution of prey such as myctophids (Hulley 1981; Kozlov et al. 1991; Collins et al. 
2008, 2012), which are key components of king penguins diet (Cherel & Ridoux 1992; 
Bost et al. 2002). 
The area downstream of the Kerguelen Plateau is characterized by the presence of different 
ACC fronts (Park et al. 1998; Park et al. 2008b; Sallee et al. 2008; Roquet et al. 2009; 
Sokolov & Rintoul 2009), creating a highly dynamic region with strong physical 
gradients. In the foraging area of king penguins to the south-east of Kerguelen, the 
juxtaposition of cold FTC waters of southern origin with PF waters as well as bathymetric-
related effects, such as upwellings and the cold-water flow along the KergueJen shelf 
break, may lead to a highly diverse and structured environment. Such diversity and 
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structuring in the ocean habitat may impact upon the distribution and biomass of many 
species, ranging from planktonic organisms to higher trophic levels such as myctophid fish 
(Gon & Heemstra 1990; Collins et al. 2008), and therefore to distinct and predictable prey 
field patterns in the foraging area used by king penguins. Furthermore the influx of cold 
southerly waters may represent an important input of nutrients and oxygen-rich waters into 
the foraging area of king penguins (Charrassin et al. 2002), enhancing biological 
productivity and increasing prey availability (Blain et al. 2007). 
Variability in the FTC influx into the area to the south-east of Kerguelen appears to be 
closely related to the position of the PF to the north of the Chun Spur, presumably due to 
the direct juxtaposition of the two features with their contrasting physical properties and 
flow directions. However, the complex bathymetry of the Kerguelen Plateau leads to non-
linear responses in these oceanographic features under differing environmental conditions, 
with abrupt changes in oceanographic patterns after a given environmental threshold is 
passed. Our work shows how the relationship between the relative positions of the FTC 
and the PF is variable with shifts from quasi-linear to non-linear behaviour, and with 
abrupt southward shifts of the FTC to the south of the Chun Spur when the PF is at 51.4°S 
or further to the south. These anomalous southward shifts of the FTC may indicate critical 
changes in the oceanographic habitat to the north of the Chun Spur, as the absence of the 
FTC influx may significantly affect biological productivity and oceanographic structures, 
and therefore the abundance and distribution of king penguins' prey. The co-variability of 
the FTC and the PF position suggest the PF position might be a suitable indicator 
characterizing ·the oceanographic habitat to the south-east of Kerguelen, taking into 
account the FTC influx over the Chun Spur as well as the southward extent of PF waters. 
Changes in king penguins foraging behaviour and efficiency with the PF position indicate 
the importance of the FTC influx into the area to the south-east of Kerguelen for foraging 
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king penguins. Increased foraging trip duration of incubating birds, and reduced body mass 
gain of brooding birds suggests decreasing foraging efficiency with the PF moving 
southward, confirming the negative impact of PF southward shifts and reduced FTC influx 
on prey resources available to king penguins during both breeding stages. Such reduced 
foraging efficiency may result from lower catch per unit effort (CPUE) due to increased 
travel to more distant foraging locations, greater search or travel time between prey 
patches, or more frequent dive attempts to catch sufficient prey within a patch. Foraging 
habitat shifts away from slope areas during both breeding stages may indicate reduced 
profitability of prey resources associated with different features arising from the interaction 
of oceanography and bathymetry in shelf break areas such as upwellings and the cold-
water tongue originating from the FTC influx. However, while brooding birds concentrated 
their foraging activity onto the Kerguelen Plateau, incubating birds moved into offshore 
and more southerly waters, where higher geostrophic velocities and SSH variance indicate 
the use of dynamic large-and mesoscale features such as ocean currents and eddies. 
6.5.3 Behavioural responses of king penguins in relation to the breeding stage 
The different responses of incubating and brooding birds to variability in environmental 
conditions and prey availability may reflect changes in priority with regard to offspring 
survival over the summer breeding season. Increased trip duration and BMG for incubating 
birds suggests that birds adapted their foraging behaviour to compensate for less 
favourable foraging conditions by longer at-sea times and exploration of offshore large-and 
mesoscale features. This may allow less colony-constrained birds during incubation to 
encounter more profitable and stable prey resources in exchange for longer foraging trips. 
During persistent anomalies, penguins increase their foraging range so far that they take 
the risk of breeding failure, being unable to return to their colony in time to relay the 
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partner (see Chapter 5). Such behaviour may reflect the life-history trade-off in long-lived 
... 
seabirds, favouring adult survival over that of their offspring (Steams 1992; Gauthier-Clerc 
et al. 2002; Groscolas et al. 2008); parents build up their own body reserves by taking the 
risk of breeding failure. The constant trip duration and decreased BMG of brooding birds 
indicates a higher pri?rity for regular provisioning of chicks, hence ensuring chick survival 
while losing their own body reserves. This may indicate that birds have committed a 
certain level of resource to their offspring by the time brood starts, and they are prepared to 
take greater risks. Shifts in foraging areas onto the Kerguelen Plateau shelf may allow 
them to keep trip durations sufficiently short to ensure chick provisioning, but may also 
allow them to explore for any prey resources associated with small-scale oceanographic 
features (Park et al. 2008b; see Chapter 4). These features may be less profitable and stable 
than those associated with other features related to the FTC influx in proximity to the shelf 
break, or larger-scale oceanographic features in offshore areas at greater distances. 
Alternatively, penguins may switch their myctophid diet to a larger prey spectrum 
including squid and ice fish (C.A.Bost, pers.comm.). 
The most significant behavioural changes occurred at the highest probabilities of FTC 
shifts, reflecting the significant effect of the absence of FTC water mass on oceanography 
and prey resources in the area to the south-east of Kerguelen, and may indicate points of 
critical change in foraging conditions for king penguins. In particular, diving behaviour 
and the vertical foraging habitat utilised by incubating birds showed changes with the FTC 
southward shifts, indicating important changes in prey resources in the upper ocean layers 
such as occur at the SML, TH and WW, which are known to be used by foraging king 
penguins (Charrassin & Bost 2002; Scheffer et al. 2012; see Chapter 4). The reduced 
presence of cold FTC water masses, and warmer PF waters approaching the Chun Spur 
presumably lead to changes in the thermal structure of the upper water column and 
associated prey resources used by king penguins. In case of such changes in the upper 
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ocean, COW may provide an alternative foraging niche for diving predators, allowing 
adjustments of vertical foraging habitat to environmental variability and significant 
changes in upper ocean conditions and prey resources. As COW is usually found at greater 
depths than the SML, TH and WW, it may be less affected by direct environmental forcing 
of ocean-atmosphere interactions (Roquet et al. 2009), which may lead to higher stability 
of associated prey resources (see Chapter 5). However, the possibility of such vertical 
foraging habitat adjustments by use of the COW may be restricted to areas at greater 
distances from the colony in southerly offshore waters or over the southern part of the 
Northern Kerguelen Plateau, where COW may be available within the diving range of king 
penguins at depths < 350m (Park et al. 2008b; Roquet et al. 2009; van Wijk et al. 2010). 
Due to these geographical restrictions, only incubating birds may be able to make such 
vertical foraging habitat adjustments. However, reduced wiggle numbers of incubating 
birds with FTC shifts indicate reduced foraging efficiency despite the horizontal and 
vertical foraging habitat changes, suggesting that the best foraging conditions are usually 
associated with features arising from the interaction of oceanography, presumably the FTC 
influx, with bathymetry in proximity to the Kerguelen Plateau shelf break. 
The position of the PF and FTC in the area to the south-east of Kerguelen appear to be of 
key importance for the ocean habitat structure and the foraging of king penguins in terms 
of their surface travel and diving behaviour. Such significant impacts from changes in 
thermal structure confirms the importance of SST for foraging king penguins at Kerguelen 
as in other breeding localities (Bost et al. 2011). Our study suggests that critical changes in 
the oceanographic structure and associated prey resources of the foraging habitat of king 
penguins may occur when the PF changes position to south of 51.4°S in the area to the 
north of the Chun Spur, leading to possible southward shifts of the FTC. 
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6.5.4 Consequences of long-term climate change 
With the projected southward shifts of the PF with climate change (Solomon et al. 2007) 
the PF may increasingly approach the Chun Spur, which may lead to reduced FTC influx 
over the Chun Spur. This may have important impacts on the oceanographic habitat in the 
area to the south-east of Kerguelen, potentially also significantly affecting king penguin 
foraging. Ho~ever, as oceanographic and oceanographic-bathymetry interactions at the 
Chun Spur are complex, these hypotheses must remain somewhat speculative and limited 
to patterns observed during our study period. 
6.5.5 Interest of diving predators to behavioural studies 
Our study shows the impact of environmental variability, particularly in the posifions of 
the PF and FTC, on king penguins breeding at Kerguelen both in terms of surface and 
diving behaviour. King penguins breeding at Crozet have already been shown to be 
impacted by changes in the PF position (Peron et al. 2012) and SST (Le Bohec et al. 2008). 
Our study confirms this hypothesis for king penguins breeding at Kerguelen. However, 
bathymetry-oceanography interactions at Kerguelen appear to induce non-linear responses 
in other important oceanographic features and associated prey resources, potentially 
leading to drastic changes in king penguins foraging behaviour. 
Studies of the impact of climate change on king penguins breeding at Crozet were based on 
survival rates (Le Bohec et al. 2008), but future studies may need to take into account other 
important factors affecting king penguins' population growth (Barbraud et al. 2008). 
Studies based on surface behaviour only (Peron et al. 2012) do not take into account 
changes in the vertical habitat and diving behaviour of penguins, which play crucial roles 
for understanding animals' behaviour towards environmental variability. In this study, the 
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combination of behaviour and habitat descriptors in the horizontal and vertical dimension 
allowed us to gain more detailed insights into a diving predators' behavioural responses in 
relation to oceanographic conditions at the ocean surface and at depth. Thus, this approach 
allowed us to find possible explanations for changes in the animals' foraging behaviour 
associated with environmental change. The thermal structure of the water column has been 
shown to play a key role for diving predators (Brill et al. 1993; Brill & Lutcavage 2001; 
Cartarnil & Lowe 2004; Scott & Chivers 2009) and king penguins in particular (Charrassin 
& Bost 2001; Scheffer et al. 2012). Significant changes in diving behaviour and vertical 
foraging habitat use by king penguins breeding at Kerguelen underline the importance of 
oceanographic conditions at depth for birds and environmental variability. By taking into 
account the variability in the vertical foraging habitat and behavioural adaptations of 
animals, future studies should develop a more comprehensive understanding of the 
reactions of diving predators towards environmental change. 
King penguin populations have increased since the 1960's (Delord et al. 2004; Bost et al. 
2012) despite warming of the Southern Ocean (Solomon et a!. 2007). Our study shows that 
king penguins can adjust their behaviour to environmental conditions encountered, 
presumably enabling them to buffer reproductive success and population survival against 
environmental variability. However, it appears that such adaptive capacities can buffer 
changes in environmental conditions only to a certain extent and that threshold conditions 
may exist, limiting an animals' capacity to buffer reductions in prey availability by 
adaptations in foraging behaviour (Piatt & Sydeman 2007; Harding et al. 2007; Ronconi & 
. 
Burger 2008). This effect may be enhanced by non-linear responses in oceanographic 
conditions and prey availability to changes in environmental conditions, as appears to be 







This thesis explores the foraging behaviour of breeding king penguins in a spatially and 
temporally variable environment. As a biological model king penguins exhibit potentially 
noticeable advantages. First, it is a long-distance forager and deep diver with major 
constraints as a flightless bird and a central place forager (Weimerskirch 2007). The field 
work was based on the analysis of behavioural and environmental data (sea water 
temperature) from tagged penguins foraging in two of the main breeding locations of the 
Southern ocean: South Georgia (South Atlantic) and Kerguelen Islands (South Indian). 
Studying king penguins in two different sectors of the Southern Ocean facilitated the 
analysis of the penguins foraging behaviour under different physical conditions, providing 
insights into key oceanographic features and potential behavioural adaptations under 
differing environmental conditions and energetic constraints. 
For both breeding locations we identified the key oceanographic features targeted during 
foraging in both the horizontal and vertical dimension, and king penguin behavioural 
patterns as they explore these features. This allowed, as a first step, an investigation into 
penguin foraging behaviour in relation to the oceanographic habitat of the different 
breeding locations. Combining both datasets in a comparative study further enabled me to 
identify common patterns in how penguins explore their oceanographic habitat as well as 
any behavioural differences resulting from any local habitat characteristics. This provides 
insights into potential key features of king penguins foraging as well as behavioural 
patterns allowing the efficient exploration of environmental features under different 
conditions and different constraints on the animals. From this, I attempted to gain insights 
into behavioural adaptations of king penguins to environmental variability as well as into 
potential reactions towards changes in the environment and to key specific oceanographic 
features. 
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7.1 Foraging between the Polar Front and the SACCF 
With breeding colonies situated south of the PF, king penguins at both study locations 
explored the area between the Polar Front (PF) and the southern ACC Front (SACCF). 
Birds at different breeding stages showed distinct patterns exploring different 
oceanographic features in terms of foraging areas and thermal features at depth. Foraging 
trips of incubating birds extended to the PF during early summer (December-January), and 
shifted to the SPF during late summer (February). Brooding birds foraged in areas close to 
the colony, where they explored cold-water features of southern origin, the SACCF at 
South Georgia and the cold-water subsurface current originating from the Fawn Trough 
Current (FTC) at Kerguelen. Such changes in foraging trip characteristics of central-place 
foragers at different times of the summer season are known to occur and are thOUght to be 
the result of changing time constraints arising from the need to supply their offspring with 
food. Increasing time pressure may lead to a shortening of foraging trips with the 
advancing summer season as reported for other penguin species (Bost et al. 1997; 
Charrasin et al. 1999; Charrassin & Bost 2002; Lescroel & Bost 2005). However, the 
consistency of foraging patterns in relation to oceanography observed at both study 
locations despite differences in local habitat and the detailed location of the islands in 
relation to the PF suggests that such behaviour may represent general patterns of foraging 
behaviour and adaptations to oceanography. However, prey behaviour may also play 
important roles, but remains mostly speculative due to lack of information and data. 
7.1.1 Foraging at the Polar Front and south Polar Front 
Importance of the PF according to the breeding location and season 
Foraging trips of incubating king penguins breeding at South Georgia and Kerguelen were 
. 
directed towards PF waters, confirming the importance of the PF as a foraging area for 
king penguins breeding at South Georgia and Kerguelen. The PF is known to be a key 
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foraging area for marine predators of the Southern Ocean (see review Bost et a1. 2009) due 
to the occurrence of prey resources at high densities and shallow depths (Kozlov et a1. 
1991; Collins et al. 2012), therefore providing favourable foraging conditions for diving 
marine predators such as king penguins. However, foraging trips of king penguins 
extended into the PF only during early summer, and shifted towards the southern PF 
boundary during late summer (see Fig. 4.1 Chapter 4; Fig. 3.3 Chapter 3). While the 
change in foraging areas to the southern PF corresponds to a shortening of foraging trips at 
South Georgia and therefore to behavioural patterns expected with the advancing summer 
season, king penguins at Kerguelen increased their foraging distances when foraging in the 
southern PF parts during late summer (see Table 5.1). Such common patterns in the 
exploration of the different PF ·areas, despite differences in habitat accessibility, may 
indicate different prey patterns in terms of availability and energetic value associated with 
the PF core and its southern boundary, with the southern boundary appearing to be a more 
suitable foraging habitat than the PF core during late summer at both breeding locations. 
Similar patterns in diving behaviour of birds exploring the different PF zones further 
suggest such differences in prey distribution, with the PF allowing for foraging at 
shallower depths (Fig. 7.1). Common behavioural patterns at South Georgia and Kerguelen 
suggest that such differences in prey distribution as well as their exploration by foraging 
king penguins during different times of the summer season may be similar at both breeding 
sites. During the extended incubation trips, the penguins are able to forage at more distant 
locations and have access to a potentially more profitable area. During incubation, prey 
distribution resulting from the oceanographic structure of the foraging habitat thus 
appeared to play a more important role than spatial constraints in the adjustment of 
foraging strategy in king penguins. 
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Early Inc Late Inc Brooding Reference 
South Georgia 556 ± 32 462 ± 25 222 ± 25 
Kerguelen 470 ± 48 263 ± 12 263 ± 12 
Crozet 448 ± 40 228 ± 29 Charrassin & Bost 200 1 
394 ± 33 35 1 ± 21 Bost et al. 1 997 
336 ± 105 324 ± 155 Jouventin et a!. 1997 
Table 7.1: Maximum distances from the colonies reached by foraging king penguins during 
early incubation, late incubation and brooding. 
South Georgia Kerguelen 
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Figure 7.1: Bottom start depths of king penguins foraging in the PF and at the southern PF 
edge (SPF). 
Frontal zones are characterized by different properties in terms of hydrological structure 
and oceanographic dynamics (Ors i et al. 1995; Park et al. 2008b; Venables et al. 2012), 
which may lead to distinct patterns of prey resources that associate with such features 
(Pakhomov et al. 1996). The PF is characterized by strong thermal gradients from the 
juxtaposition of the different water masses, leading to dense prey aggregations at shallow 
depths (Kozlov et al. 1991; Coli ins et al. 2008; Collins et al. 2012). However, strong 
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velocities and vertical mixing associated with frontal cores may lead to increased spatial 
and temporal variability in hydrological structures and associated prey resources (Spear et 
al. 2001). The exploration of such highly profitable prey resources at the PF may therefore 
be associated with increased search times between prey patches due to the high spatial 
variability and dispersion of prey patches. The potentially high time investment needed to 
search for prey patches may decrease the suitability of the PF when birds are under 
increasing constraints with the advancing summer season, making prey resources of higher 
stability associated with areas other than the PF core more important. 
Potential role offrontal boundaries for profitable foraging 
Characterized by lower levels of mixing and lower velocities compared with frontal cores, 
frontal boundaries may provide for more stable hydrological structures and therefore 
/ 
higher stability in associated prey resources (Spear et al. 2001), which may provide for 
more suitable foraging conditions during periods of increased constraints in the late 
summer season. Foraging patterns of king penguins at Kerguelen underline such 
suggestions when compared with South Georgia, as habitat suitability of the southern PF 
boundary at South Georgia may be biased by shorter distances to the colony. Foraging at 
the southern PF by king penguins breeding at Crozet (Charrassin & Bost 2002; Peron et al. 
2012, see Fig. 7.2) may further underline the importance of the southern PF boundary as a 
foraging area for king penguins. In contrast to South Georgia and Kerguelen, Crozet is 
located to the north of the PF, and foraging in southern parts of the PF despite being the 
most remote PF area from the colony may underline the penguins' preference of this area 
to the PF core' and its northern boundary, as well as to the SUbtropical Front (STF) to the 
north of Crozet. Both PF boundaries are characterized by lower velocities and vertical 
mixing than the PF core, and may therefore provide for prey resources of higher stability. 
A decreasing Winter Water (WW) depth in southern areas of the PF compared with its 
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northern boundary, together with the presence of the still relatively warm Surface Mixed 
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Figure 7.2: Foraging trips of king penguins breeding at Crozet (medium black lines with dots) on 
their predicted spatial distribution from habitat modelling, showing the exploration of the PF 
and SPF. Thick black lines correspond to 4°C and SOC isotherms indicating the PF. Figure from 
Peron et al. (2012). 
thermal gradients at relatively shallow depths, which may offer more profitable foraging 
conditions fo r king penguins than the northern boundary. 
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Role of the geographic location of the breeding colony: breeding to the south of the PF 
The location of the colony in relation to the PF may therefore play an important role in the 
foraging strategy of king penguins in terms of possible behavioural adaptation to changing 
breeding constraints. At South Georgia and Kerguelen, better accessibility to the southern 
PF boundary may allow better adjustments of foraging behaviour in relation to the 
animals' constraints, allowing birds under increasing constraints the opportunity to explore 
more suitable prey resources at the southern PF with less travel effort than at Crozet. 
7.1.2 Influx of cold waters of southern origin into the foraging area 
The oceanography around South Georgia and Kerguelen is characterized by a northward 
deviation of the southern ACC flows by the prominent bathymetry of the North East 
Georgia Rise (NEGR) in the Scotia Sea and the Kerguelen Plateau in the Indian Ocean. 
Such northward deviations of the southern ACC flow leads to an influx of cold southern 
waters, the SACCF at South Georgia and the FTC at Kerguelen. These flows into the areas 
close to the islands may have important impacts on the oceanographic structure and 
associated prey resources in the foraging area of king penguins breeding at these islands. 
Role of the cold-water influx for marine productivity 
The influx of the cold waters of southern origin leads to enhanced nutrient input into the 
areas close to the breeding colonies, resulting in increased phyto-and zooplankton 
development (Thorpe et al. 2oo2b; Ward et al. 2002; Thorpe et al. 2004; Murphy et al. 
2007), certainly also affecting the abundance of myctophids preying upon the zooplankton 
(Shreeve et al. 2009). The ecological importance of waters associated with the southern 
ACC fronts (SACCF, SB) has already been suggested for primary productivity and baleen 
whale abundance at a circumpolar scale (Tynan 1997; Tynan 1998) as well as for nutrient 
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enrichment and increased phyto-and zooplankton development in the Scotia Sea (Thorpe et 
al. 2002b; Ward et a1. 2002; Thorpe et a1. 2004; Murphy et a1. 2007). At Kerguelen, the 
cold-water tongue originating from the FTC has been suggested to play a key role for 
providing iron-input to the Kerguelen Plateau ecosystem (Charrassin et al. 2002), which 
plays a critical role for primary production on the Kerguelen Plateau. In both locations, 
brooding king penguins exploring the cold-water influx indicate profitable myctophid 
resources to be associated with these water masses, suggesting the importance of this cold-
water influx for king penguins and potentially other marine predators. 
The approach of the cold-water influx with the warmer PF waters may furthermore lead to 
increased thermal gradients at the southern edge of the PF, which may further enhance 
biological productivity and biomass accumulation and therefore increase the profitability 
of prey resources at the southern PF edge and adjacent areas for king penguins and 
potentially other marine predators. 
Role of the ACC flows in ecosystem structuring and foraging niches of marine predators 
The northward deviation of the southern ACC flows and their close juxtaposition with PF 
waters furthermore leads to the presence of several distinct ACC features in a spatially 
restricted area in proximity to the breeding colonies at South Georgia and Kerguelen. This 
may lead to a highly segregated and diverse environment, providing for the presence of 
several distinct foraging niches in the area explored by foraging king penguins. Such 
habitat characteristics may allow higher behavioural diversity and distinct behaviour 
during the foraging trips and lead to better adjustments of foraging strategy to breeding 
constraints, which may ultimately result in increased foraging profitability over the 
summer breeding season. This may drive individual fitness, as niche variation among 
individuals is thought to be a major source of variation in fitness (Svanback & Bolnick 
2005). Furthermore habitat segregation and niche separation may decrease inter-and 
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intraspecific competition (Pianka 1981; Svanback & Bolnick 2005), which may be 
particularly important during periods of increased constraint and competition for resources 
such as during chick raising in summer. Similar mechanisms have been suggested for 
sexual habitat segregation in grey seals (Breed et al. 2006) and age-based habitat 
segregation in southern elephant seals (Field et al. 2005). The high degree of horizontal 
and vertical habitat segregation may allow king penguins to efficiently exploit resources in 
agreement with the theory proposed for age-based niche segregation (polis 1984). The 
impact of environmental variability may also be buffered, as alternative foraging locations 
and niches may be targeted if others become unavailable or less profitable. The presence of 
a segregated and diverse environment, particularly. the presence of alternative foraging 
locations in close proximity to the colony, may therefore represent important elements in 
the birds foraging strategy, especially when under increased constraints. 
/ 
Advantages of Kerguelen and South Georgia with respect to energetic requirements 
So far such strong habitat segregation and the presence of alternative foraging .niches have 
not been reported for king penguins from other locations. Concerning other penguin 
species, a large foraging plasticity have been described among inshore feeders such as 
Gentoo penguins Pygoscelis papua (Lescroel & Bost 2005). Patterns described from 
Crozet suggest changes in foraging characteristics of king penguins over the summer 
season mainly in terms of dive depth and foraging range at the end of summer. However, 
the lack of accessible foraging niches in proximity to the colony appears to allow less 
behavioural adaptation to increasing breeding constraints in terms of reduction of foraging 
trip duration arid increases in profitability. The segregated environment and the presence of 
several distinct foraging niches in the foraging areas of king penguins breeding at South 
Georgia and Kerguelen appear to provide for favourable conditions for adaptation of 
foraging strategy to breeding constraints. At both of our study locations, brooding king 
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penguins foraged in the area to the south of the PF at closer distances to the colony, where 
they explored features below the thermocline related to the cold-water influx of southern 
waters, Circumpolar Deep Water (COW) in the SACCF influx at South Georgia, and WW 
in the cold-water subsurface tongue from the FTC at Kerguelen. Such alternative foraging 
niches in proximity of the colony allow king penguins breeding at South Georgia and 
Kerguelen to explore prey resources at short distances from the colony during brooding, 
keeping trip distances much shorter than at Crozet where the northern PF boundary appears 
to provide for the closest foraging grounds for king penguins of all breeding stages. The 
lower travel costs for king penguins breeding at South Georgia and Kerguelen during the 
brooding stage may result in higher foraging efficiency, which may be of particular 
importance with increasing constraints on the animals. Additionally the expression of two 
distinct patterns of foraging behaviour shown by brooding birds at South Georgia 
(Brooding I - Brooding 11, see Chapter 3) may indicate that the oceanographic 
environment and prey distribution in the area to the north of South Georgia may allow 
higher flexibility and adjustment of foraging strategies. It may be valuable to examine king 
penguin foraging behaviour elsewhere in order to determine if this is also evident; 
similarly, it would be valuable to sample birds from South Georgia in other seasons, to see 
if this is a permanent behavioural trait. 
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Potential role of high stability in the cold-water flows in the Scotia Sea and to the east of 
the Kerguelen shelf 
The highly constrained nature of the cold-water flows in the Scotia Sea and to the east of 
the Kerguelen Plateau may lead to a high level of stability for the habitat characteristics 
resulting from the cold-water influx. In the area to the north of South Georgia, the SACCF 
shows a lower monthly spatial variability compared with areas further south as well as 
when compared with the PFZ (Boehme et al. 2008). This is possibly because the flow is 
constrained by bathymetry. At Kerguelen, the cold-water subsurface tongue originating 
from the FTC is channelled along the eastern shelf break of the Kerguelen Plateau, leading 
to high spatial stability of this flow (Park et al. 2008b; Roquet et al. 2009). The particular 
conditions of the Scotia Sea and the Kerguelen Plateau may therefore make the cold-water 
influx from the SACCF and FTC and resulting oceanographic features predictable habitat 
characteristics, which may increase the profitability of feeding success in these foraging 
areas for king penguins and potentially other marine predators. 
In addition to the location to the south of the PF, with better access to prey resources at the 
SPF, the northward deviation of cold southern waters and their juxtaposition with the PF 
may provide for favourable foraging conditions for king penguins breeding at South 
Georgia and Kerguelen through increased nutrient input, the sharpening and stabilizing of 
frontal signatures as well as increasing habitat segregation, which may all be factors 
increasing foraging habitat suitability and profitability for marine predators such as king 
penguins. 
Comparison with foraging patterns of other southern king penguin populations 
The exploration of oceanographic features in the area to the south of the PF may be a 
common feature of king penguins breeding south of the PF. King penguins from Heard 
Island show similar foraging zones to those breeding at Kerguelen, exploring areas to the 
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east and south-east of Kerguelen as well as areas coinciding with the FTC flow over the 
Chun Spur (Moore et aI. 1999a; Wienecke & Robertson 2006; van Wijk et aI. 2010; 
Hindell et al. 2011). Although there is no detailed information about their use of frontal 
zones and spatio-temporal variability in foraging patterns with circulation patterns over the 
Chun Spur, foraging behaviour reported for king penguins breeding at Heard Island 
suggests they explore oceanographic patterns similar to those at South Georgia and 
Kerguelen. 
The potential importance of such cold-water influx into the foraging area and its meeting 
with PF waters is underlined by the breeding season 2009/10 at Kerguelen, where the 
reduced cold-water influx from the FTC over the Chun Spur into the foraging area resulted 
in significant changes in foraging behaviour and reduced breeding success of king 
penguins. At South Georgia, the oceanographic warm anomaly in the area to the north of 
South Georgia may also have impacted the cold-water influx from the SACCF. However, 
as there are no details on oceanographic patterns or foraging behaviour of marine predators 
during that season, this statement remains speculative. 
7.1.3 Circumpolar Deep Water (CDW) use by foraging king penguins 
At both study locations, king penguins appeared to explore prey resources associated with 
COW and modified COW (mCOW). King penguins are known to explore the water 
column in a directed way and to target specific depth levels in relation to the hydrothermal 
structure (Charrassin et al. 1999; Charrassin & Bost 2001; Charrassin et al. 2004; Trathan 
et a1. 2008; Scheffer et al. 2010), presumably targeting most profitable and accessible prey 
resources associated with specific thermal features or water masses. The thermocline and 
WW have been identified as representing important features for fOraging king penguins 
(Charrassin & Bost 2002). Until now, king penguins have not been reported as exploring 
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water masses below WW such as CDW. In our study, however, bottom periods directed 
into CDW indicate they do target profitable prey resources associated with CDW at both 
South Georgia and Kerguelen. Such behaviour in both study locations suggests CDW 
represents an important and consistent feature in the foraging habitat of king penguins in 
addition to the upper ocean water masses such as the TH and WW, at least when foraging 
in southern parts of the PF. 
CDW is characterized by high levels of nutrients and Fe, stimulating biological 
productivity through the input of nutrients into the upper water column (Prezelin et al. 
2000; Klinck et a1. 2004; MofIat et a1. 2009; Dinniman et a1. 2011). Particularly mCDW 
formed at the upper CDW boundary through mixing with WW, is thought to play a key 
role for such nutrient enrichment and biological activity (see Dinniman e al. 2011). The 
discontinuity in physical properties between WW and CDW may furthermore act as a 
barrier for sinking matter as well as for primary and secondary production, enhancing 
biological activity and biomass accumulation (Hofmann & Klinck 1998) at the boundary 
between WW and CDW as suggested for the thermocline (TH) (Charrassin & Bost 2002) 
and the Sub-Antarctic Mode Water (SAMW) limit in the context of elephant seal foraging 
(Muelbert et al. 2012). Such a layer of high nutrient content and potential biomass 
accumulation characterized by distinct physical properties may attract zooplankton, which 
is in turn consumed by mid-trophic levels such as myctophids (Shreeve et al. 2009). The 
upper CDW boundary and mCDW may therefore host potentially profitable prey resources 
for diving marine predators. Significant increases in myctophid density andlor species 
diversity (Pusch et a1. 2003; Donnelly & Torres 2008) and the occurrence of species 
consumed by king penguins (Collins et a1. 2012) at the transition between WW and CDW 
at depths of200-400m may indicate prey resources of high profitability associated with the 
start of CDW in the water column. This is further supported by the observation of highest 
myctophid biomasses at depths of200 - 400 m in the Scotia Sea (Collins et al. 2008). Such 
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myctophid aggregations of high density and potentially different energy content may 
represent profitable prey resources for diving predators such as king penguins. 
Dive depth is one of the most important factors in foraging adjustment for air-breathing 
marine predators (Boyd 1997; Mori & Boyd 2004; Green et al. 2005), and if prey are deep, 
dive depth will restrict the access of king penguins to potential prey resources associated 
with CDW. While larger marine predators with higher breath-hold capacities, such as 
elephant seals, are known to explore myctophids in deeper water masses such as CDW 
(Cherel et al. 2008; Costa et al. 2008; Costa et al. 2010; Biuw et al 2010), these prey 
resources may be inaccessible to smaller species of lesser breath-hold capacity, such as 
king penguins. However, upwellings may lead to CDW intrusions into the upper water 
column (Prezelin et al. 2000; Klinck et al. 2004; Moffat et al. 2009), resulting in the 
occurrence of CDW at shallower depths accessible to king penguins. The strong vertical 
mixing and input of nutrient-rich CDW into the upper water column may enhance 
biological productivity (Prezelin et al. 2000; Klinck et al. 2004; Moffat et al. 2009; 
Dinniman et al. 2011) and further attract higher trophic levels in such upwelling locations, 
as indicated by increased abundance and body sizes of Antarctic krill associated with 
CDW intrusions at the West Antarctic Peninsula (WAP) (Lawson et al. 2004). CDW 
upwellings may lead to the occurrence of profitable myctophid aggregations at relatively 
shallow depths, and represent attractive foraging habitats for marine predators such as king 
penguins. CDW intrusions onto shelf areas have been reported as attractive to foraging 
elephant seals in the WAP area (Costa et al. 2008; Costa et al. 2010), at the northern 
. 
Antarctic Peninsula (Muelbert et at. 2012) and in the Weddel Sea (Biuw et al. 2010), and 
have also been suggested as playing an important role for the winter foraging of Adelie 
penguins breeding at the W AP (Erdmann et al. 2011). Our study suggests that king 
penguins at South Georgia and Kerguelen may exhibit similar behaviour when they target 
CDW at both study locations. 
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Interactions of the southern ACC flow with pronounced bathymetric features appears to 
provide for conditions favouring such COW intrusions into the upper water column, as 
reported for the SACCF and SS approaching the Antarctic continental shelf at the WAP 
(Klinck et al. 2004; Moffat et al. 2009) and at other locations around Antarctica (Prezelin 
et al. 2000). At South Georgia and Kerguelen, the SACCF and FTC flows approaching the 
Kerguelen Plateau and South Georgia shelf may provide for similar conditions for such 
bathymetry-related COW upweIlings leading to local COW intrusions into the upper water 
column. The spatial coincidence of COW bottom periods with those of the SACCF and 
FTC flows in proximity of the South Georgia and Kerguelen shelf break (see Fig. 7.3) 
indicates that COW intrusions explored by foraging king penguins may result from the 
interaction of southern ACC flows with any particularly pronounced bathymetry. 
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Figure 7.3: Spatial patterns of 
COW exploration, indicated by 
relative bottom time of king 
penguins spent in COW, and 
ACC frontal positions (indicated 
in red, based on SSH signatures 
following Venables et al. 2012) 
at South Georgia and 
Kerguelen. According to our 
results of COW use during the 
different breeding stages at our 
study sites COW use for South 
Georgia includes incubating and 
brooding birds, for Kerguelen 
only incubating birds. 
CDW occurrence at Kerguelen 
CDW occurrence at shallower depths of <250 m (Le. at depths accessible to king 
penguins) in proximity of the eastern Kerguelen Plateau shelf break (van Wijk et al. 2010) 
as well as the presence ofCDW and cold WW of southern origin at parts of the Kerguelen 
Plateau shelf (Park et al. 2008b) may indicate the upwelling of southern water masses at 
the Kerguelen Plateau. The pronounced troughs and canyons of the Kerguelen Plateau may 
also play an important role in defining such upwelling areas similar to the Marguerite 
Trough at the W AP, as suggested for the Heard McDonald Islands (HMI) Trough for the 
influx of CDW and cold WW from the FTC onto the Kerguelen Plateau (Park et al. 
2008b). CDW exploration by king penguins mainly occurred in a restricted area to the 
north of the Chun Spur corresponding to CDW patterns from the FTC flow over the Chun 
Spur (Roquet et al. 2010), where upwelling of the CDW flow at the Chun Spur bathymetry 
may occur. 
CDW occurrence at South Georgia 
At South Georgia, spatial patterns of CDW exploration by king penguins generally 
coincided with the path of the SACCF influx and its reflection to the north of South 
Georgia (Thorpe et al. 2002b; Thorpe et al. 2004; Boehme et al. 2008). High nutrient 
content and krill biomass as well as a change in COW properties at the SACCF (Ward et 
al. 2002; Ward et al. 2012) may further increase the habitat suitability of COW associated 
with the SACCF influx for myctophids. Isopycnal doming at the SACCF fluxes in the area 
to the north of South Georgi~ (Ward et al. 2002), appears to lead to the presence of COW 
at depths <250 m (Brandon et al. 1999; Thorpe et al. 2002b; Ward et al. 2002; Ward et al. 
2012), and may result in the occurrence of profitable prey resources associated with COW 
at accessible depths for foraging king penguins. Even though processes associated with 
CDW flooding the shelf at South Georgia and Kerguelen have not been described in detail, 
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our study suggests that similar oceanographic patterns occur and CDW upwelling may be 
of ecological importance to marine predators such as king penguins. 
Profitability ofCDW 
High levels of dive effort and decreasing foraging performances in terms of available 
bottom time suggest high energy costs are associated with CDW exploration at both South 
Georgia and Kerguelen. However, CDW and modified CDW (mCDW) at the boundary 
with the overlaying WW may represent a distinct environmental niche in terms of physical 
and biogeochemical properties of the water column, which may host distinct myctophid 
resources of potentially increased profitability compared to those in the upper water 
column (Pusch et al. 2003; Collins et al. 2008; Collins et al. 2012). Ifprey in deeper water 
masses are easier to capture or are of higher energetic value, then deeper foraging 
/ 
strategies can be more efficient than shallow dives (Zimmer et at. 2010). At South Georgia, 
brooding king penguins consistently targeting CDW while foraging close to the colony, 
suggests that they do explore such profitable prey resources associated with. CDW. The 
potential profitability of CDW prey resources, at least at South Georgia, may be indicated 
by the high body mass gains of Brooding 11 birds foraging in CDW compared to Brooding 
I birds exploring shallower TH prey resources, as suggested in Scheffer et al. (2012). 
Reduced Broadness Index (BrIdx) and wiggle numbers with high body mass gains of 
Brooding 11 birds suggests increased foraging efficiency in these deep waters, with higher 
energy return per distances travelled, bottom time and number of wiggles invested for prey 
capture. Such high foraging efficiency may be related to higher catch rates (e.g. patch size 
or density), or the prey targeted may be of different energy content (e.g. of different size or 
body composition) when exploring CDW. 
230 
Generalization: use of deep high-energy prey by diving predators 
The exploration of deep high-energy prey associated with a change in hunting technique 
has been reported for pilot whales (Aguilar Soto et al. 2008), and may correspond to the 
observed higher foraging efficiency with changes in bottom behaviour of king penguins 
exploring CDW. Targeting more profitable prey resources at greater depths has also been 
reported from other marine predators such as baleen whales (Panigada et al. 1999) and 
swordfish (Chancollon et al. 2006) as well as for emperor penguins (Klages 1989), and has 
been proposed to indicate different foraging modes for sperm whales (Teloni et al. 2008). 
Foraging mode is thought to integrate a range of traits such as habitat preference, prey, 
energy budget and reproductive effort (Huey & Pianka 1981), and can be used to 
determine whether predators switch foraging tactics (Laughlin 1989). So far, such analyses 
have mostly been carried out for predators where prey capture behaviour can be directly 
observed. However the separation of different patterns based on foraging characteristics 
and targeted environmental niches with potentially different prey may suggest the presence 
of different foraging modes for king penguins when exploring prey resources associated 
with CDW opposed to the TH and WW. Despite the occurrence of mixed patterns due to 
the continuous variation in foraging activity (Cooper 2005), two main patterns of 
behaviour and targeted foraging niches emerged for brooding birds at South Georgia, long 
bottom periods and high wiggle numbers targeting shallow waters near strong vertical 
temperature gradients, and short bottom times with low wiggle numbers with apparently 
higher foraging efficiency into deep CDW and mCDW in areas closer to the colony . 
. 
However, such clear behavioural patterns may be related to the presence of distinct 
environmental niches and associated prey resources at South Georgia. In different 
environments, the observed behaviour may result from variable degrees of expression of 
different foraging modes, which may be determined by the animals' constraints as well as 
oceanographic and prey conditions encountered. 
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Synthesis: CDW use at South Georgia 
High energetic costs for diving and short proportions of time available for dive bottom 
periods which were associated with the exploration of deep waters suggests that king 
penguins may preferentially forage in the TH and WW, and target COW only in cases 
where there was insufficient prey resources at shallower depths. The occurrence of COW 
exploration may therefore depend on the animals' energy requirements associated with 
current breeding constraints, and on prey distribution related to seasonal effects or 
environmental variability. 
COW use at Kerguelen 
At South Georgia, high time and energy constraints during brooding and potential seasonal 
depletion of prey resources in the area close to shore may be the reason for the costly 
exploration of COW while minimizing travel effort and maximizing foraging efficiency. 
At Kerguelen, increased COW exploration occurred under high pressures from 
environmental conditions impacting prey distribution in the TH and WW. In both 
locations, COW exploration increased with increasing pressure on the penguins by 
seasonal or environmental constraints. COW exploration may therefore be a strategy for 
coping with elevated pressures arising from breeding constraints, seasonal prey depletion 
effects or environmental variability, potentially allowing penguins to buffer insufficient 
prey resources in the TH and WW. However, COW was also targeted by incubating birds 
at Kerguelen and South Georgia, indicating that such behaviour may not only occur when 
forced by high constraints. Deeper dives with COW exploration towards the end of 
incubation foraging trips appears similar to behaviour reported from elephant seals at the 
Northern Antarctic Peninsula (Muelbert et al. 2012), suggesting that COW prey resources 
may be targeted just before the animals' return to the colony. While such behaviour may 
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also be impacted by local oceanographic patterns, it may underline the potential 
profitability of prey resources associated with CDW to foraging marine predators. 
CD W use at Crozet 
CDW exploration by king penguins may be limited to areas to the south of the PF, where 
CDW may shoal to sufficiently shallow depths. In locations to the north of the PF, greater 
CDW depths may not allow the exploration of CDW prey resources, as indicated by 
temperature profiles recorded by foraging king penguins breeding at Crozet showing 
exclusively TH and WW exploration during their summer foraging trips (Charrassin & 
Bost 2002). However, during autumn when foraging trips extended further south, the 
exploration of warmer water masses below the Tmin WW layer (Charrassin & Bost 2001 
Fig. 7) may indicate foraging on CDW prey resources. In breeding locations to the south of 
the PF, CDW exploration by king penguins may depend on local oceanography in terms of 
spatial patterns of CDW circulation and the presence of pronounced bathymetric features 
to create such upwellings. At South Georgia, CDW at accessible depths in proximity of the 
colony appears to allow highly profitable foraging, while such a COW niche near the 
colony does not seem to exist at Kerguelen. 
CDW use at Heard Island 
At Heard Island situated to the south of Kerguelen, king penguins have been reported to 
generally forage in proximity of the shelf break to the south and the east of the island 
(Costa et a1. 2011). In these locations, CDW upwellings of the FTC meeting the Kerguelen 
. 
Plateau may occur at close distances from the breeding colony, which may result in 
accessible CDW prey resources in proximity to the colony, similar to South Georgia. 
However, due to the lack of information on thermal properties of the water column 
encountered by king penguins breeding at Heard Island, such suggestions remain 
speculative. 
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COW: a stable and predictable foraging niche at greater depths 
The COW is not directly exposed to the atmosphere as are the water masses of the upper 
water column; therefore, COW may be less impacted by atmospheric forcing (Roquet et al. 
2009), therefore potentially representing a foraging niche of relatively high spatial and 
temporal stability. During the breeding season of 2009/10 at Kerguelen, atmospheric 
anomalies lead to changes in prey distribution in the TH and WW (see Chapter 5). 
However, prey resources associated with COW may have been less impacted by the 
atmospheric anomaly, potentially providing for alternative prey resources. However, 
changes in upper-ocean conditions in 200911 0 appeared to be too drastic to be buffered by 
switching to COW foraging, indicating the supplementary and not exclusive character of 
foraging on COW prey resources at Kerguelen. At South Georgia, the COW niche in 
/ 
proximity to the colony appears to provide for sufficiently profitable prey resources to 
represent a potentially exclusive foraging niche, at least for king penguins during brooding. 
Such differences may underline the importance of local oceanography in the breeding 
location for COW foraging patterns and the profitability of such behaviour. However, 
while the coincidence of oceanography during our study years at South Georgia with 
general oceanographic patterns in the area to the north of South Georgia indicate that COW 
exploration may be a constant foraging element under normal oceanographic conditions, it 
remains open whether and to what extent seasonal or interannual variability in 
oceanographic conditions may impact COW flow patterns and associated prey resources in 
the area to the north of South Georgia. 
COW intrusions arising from ACC-bathymetry interactions may be impacted by wind 
events (Thoma et al. 2008), and have been suggested to be affected by changing wind 
fields around Antarctica in the context of climate change (Wallace et al. 2008). Such 
changes in COW intrusions may imply changes in the foraging habitat of king penguins 
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and potentially other marine predators exploring associated prey resources. Being a 
potentially important foraging habitat for foraging king penguins, changes in CDW 
intrusions may ultimately impact the foraging behaviour and success of king penguins. 
However, such statements remain speculative, and to be conftrmed require further studies 
on the behaviour and profitability of king penguins and other marine predators associated 
with CDW such as elephant seals (Costa et al. 2008; Costa et al. 2010; Muelbert et al. 
2012) et Adelie penguins (Erdmann et al. 2011). 
7.2 Different local habitats and implications for foraging behaviour and profitability 
Role of local bathymetty 
Despite similarities between locations in the presence of distinct oceanographic features in 
the foraging area and their exploration by king penguins, local bathymetry and its impact 
on ACC circulation patterns may lead to differences in local oceanography at both study 
locations. Local habitat has been shown to account for signiftcant differences in foraging 
profttability among colonies (Karnovsky et al. 2011; Sharples et al. 2012), as it defines the 
oceanographic structure and therewith prey distribution patterns of the animals' foraging 
area. Myctophids, king penguins main prey, are known to be highly sensitive to thermal 
conditions in their environment (Hulley 1981; Pusch et al. 2003; Collins et al. 2008; 
Collins et al. 2012; Fielding et al. 2012). Myctophid distribution and behavioural patterns 
of animals exploring such p;ey resources are therefore strongly determined by the local 
oceanographic habitat, and are likely to vary between different breeding locations even 
though larger-scale similarities in oceanographic and behavioural patterns may exist. 
At both our study locations, bathymetry plays an important role in the steering of ACC 
flows as well as the occurrence of mesoscale oceanographic features (Moore et al. 1997; 
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Moore et al. 1999b; Trathan et al. 1997; Trathan et al. 2000; Park et al. 2008b). However, 
while the large spatial extension of the Kerguelen Plateau to shallow depths is directly 
impacting horizontal and vertical circulation processes throughout the entire water column 
(Park et al. 1998; Park et al. 2008b; van Wijk et al. 2010), the area to the north of South 
Georgia is of a more pelagic nature characterized by greater depths. In these conditions, 
bathymetry may impact the upper water column mostly through horizontal steering 
defining ACC flows and mesoscale features, and only to a lesser extent through vertical 
processes such as upwellings reaching the ocean surface as occur in proximity to the 
Kerguelen Plateau. The differences in the oceanographic structure of the foraging habitat 
in both breeding locations, and the driving forces defining such differences are likely to be 
reflected in prey distribution patterns, and in the foraging behaviour of marine predators 
exploring such prey resources. / 
Role of vertical processes: differences between South Georgia and Kerguelen 
Vertical processes such as bathymetry-related upwellings into the upper water column 
associated with low geostrophic velocities appeared to constitute a major foraging feature 
for king penguins breeding at Kerguelen, whereas king penguins at South Georgia 
explored more oceanic structures characterized by strong horizontal dynamics and 
increased geostrophic velocities such as frontal flows and eddies (see Fig. 7.4a; see also 
Trathan et al. 2008; Scheffer et al. 2010). Both these processes, vertical dynamics at 
upwellings as well as horizontal dynamics at fronts and eddies, are known to be associated 
with elevated biological productivity (Franks et al. 1992; Lima et al. 2002), and are 
thought to represent profitable foraging areas for marine predators (Rodhouse et al. 1996; 
Yen et al. 2006; Cotte et al. 2007; Baylis et al. 2008; Bost et al. 2009; Bailleul et al. 2010). 
Diving behaviour further suggests the exploration of less profitable prey resources at 
Kerguelen (see Fig. 7.4b), with longer bottom periods at all dive depths indicating less 
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accessible prey requiring more time investment for foraging (Charrass in et al. 2002, see 
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Figure 7.4: a - Bottom periods of foraging king penguins at South Georgia (blue line) and 
Kerguelen (red line) spent in different geostrophic velocities. b - Bottom duration in relation to 
bottom start depth of king penguins at South Georgia (blue & green bars) and Kerguelen (red 
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Figure 7.S: Relation of time spent in the 
bottom phase and seasonal changes in 
prey availability, assuming variable prey 
availability in terms of density and/or 
energetic value at a given depth. Low prey 
availability during winter leads to longer 
bottom times. Figure from Charrassin et al. 
2002. 
The area along the south-eastern Kerguelen Plateau shelf break may provide for profitable 
prey resources associated with the upwelling of southern waters to shallow depths, which 
is known to be explored by a range of marine predators breeding on the Kerguelen Plateau 
(Hindell et a1. 2011). However, our study suggests that these resources may be less 
profitable for foraging king penguins than those encountered at South Georgia in terms of 
foraging trip time necessary for exploitation as well as in terms of daily BMG. Maximum 
biological productivity has been reported to occur at locations of combined vertical and 
horizontal mixing through upwelling and horizontal flow dynamics (Martin et al. 2002). At 
Kerguelen, the upwelling area along the south-eastern Kerguelen shelf break is situated in 
the lee of the Kerguelen Plateau, resulting in low geostrophic velocities and reduced 
horizontal mixing, which may also impact prey resources associated with such upwellings. 
In the area to the north of South Georgia, the strong horizontal and vertical dynamics of 
,/" 
frontal juxtaposition and eddies may result in higher biological productivity and potentially 
more profitable myctophid aggregations. Such differences in profitability may be related to 
different prey patterns in the different foraging areas, where the PF core or eddies at South 
Georgia may provide for prey resources of high densities (Kozlov et a1. 1991; Rodhouse et 
al. 19%). Alternatively, it may be related to prey of different energy content, which may 
result from different prey sizes or different maturity stages or different species exploited. 
However, this hypothesis remains speculative due to insufficient data on myctophid 
distribution and their consumption by king penguins. 
Brooding birds showed shorter foraging trips and higher foraging performance in terms of 
daily body m~s gain at South Georgia (see Fig. 7.6). The high foraging performance of 
South Georgia birds may be related to differences in prey accessibility as indicated by 
diving behaviour, with longer bottom periods suggesting less accessible prey from depths 
>150 m at Kerguelen (see Fig. 7.5b), but more accessible than at Crozet indicated by 
deeper dives during brooding (Charrassin et a1. 1999). However, the strong habitat and 
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behavioural segregation during brooding may also improve adaptation of foraging strategy 
to prey distribution and breeding constraints, which may allow better prey exploration and 
ultimately lead to overall improved foraging performances. Different environments 
characterized by the presence of different oceanographic features have been suggested to 
play important roles in prey accessibility and therefore foraging behaviour and profitability 
of marine predators (Muelbert et al. 2012). Specifically the distance to profitable feeding 
grounds from the breeding location (Sharples et al. 2012) and the profitability of prey 
resources associated with oceanographic features accessible from the colony (Karnovsky 
et al. 2011) have been found to play important roles in foraging strategy and behaviour as 
well as for the profitability of foraging trips. Bathymetry is known to significantly impact 
oceanography and prey patterns in a given area, and has been found to be a major driving 
force for the foraging strategy of marine predators adjusting their behaviour to explore 
prey resources associated with bathymetry-related features (Campagna et al. 2000; 
Campagna et al. 2007; Chapman et al. 2004; BayIis et al. 2008; Wingfield et al. 2011; 
Muelbert et al. 2012). At the Kerguelen Plateau, the importance of the prominent 
bathymetry on foraging behaviour has been suggested for king penguins (Bost et al. 2011) 
and other marine predators (Lea et al. 2008; Hindell et al. 2011). Our study confirms 
bathymetry to be a major factor driving foraging behaviour of king penguins breeding at 
Kerguelen. It furthermore suggests that the foraging habitat differences between our 
breeding locations, which appear to be at least partly determined by local bathymetry, may 
lead to differences in foraging strategy and profitability, confirming studies on other 
marine predators. However, despite the inter-colony differences in foraging behaviour and 
performance, the long-term trends in king penguin numbers in both breeding colonies have 
been reported to be increasing (South Georgia: Woehler & J.P.Croxall 1997; 
KerguelenIRatmanoff colony: Weimerskirch et al. 1989; Chamaille-James et al. 2000; Bost 
et al. 2012) in relation to recovery from human disturbances and major unsteadiness in 
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trophic webs, see Bost et al. 2012. This implies that current oceanographic conditions and 
associated prey resources are particularly adequate for the successful raising of chicks in 
both locations. The observed behavioural differences and the apparent suffic ient foraging 
performance in both locations may reflect strong behavioural flexibility of king penguins 
in order to adapt foraging to local habitat conditions in order to maximize foraging 
performance. 
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7.3 Adaptive capacities and susceptibility of king penguins towards environmental 
variability and climate change 
King penguins showed high inter-and intracolony behavioural flexibility , adjusting 
forag ing behaviour to different environments and changing breeding constraints . The 
selective exploration of distinct oceanographic features in the foraging habitat depending 
on local oceanography and breeding constraints may indicate high adaptive capacities of 
king penguins towards variability in environmental conditions in the foraging area. 
However, while seabirds are known to be able to buffer variability in environmental 
conditions and prey availability through flexibility in foraging behaviour (Peron et al. 
201 2), thresholds may ex ist whereby such foraging flexibility can no longer buffer 
240 
reproductive success against low food availability (Dall & Boyd 2002; Ronconi & Burger 
2008). The breeding season 2009/10 at Kerguelen indicated such limits in the buffering of 
environmental variability through behavioural flexibility for king penguins, showing the 
possible drastic effects of surpassing the animals' adaptive capacities on reproductive 
success. The identification of critical environmental conditions triggering such threshold 
responses is important for understanding limiting factors in marine ecosystems and the 
potential impact of future environmental changes on these systems, which has important 
implications for conservation and ecosystem management. The investigation of king 
penguins behaviour in two breeding locations under different environmental conditions and 
constraints over several years allowed us to identify oceanographic features of key 
importance for foraging king penguins, the Polar Front and cold-water influx of southern 
origin (the SACCF at South Georgia, and the Fawn Trough Current subsurface current at 
Kerguelen) at large scales, and eddies and bathymetry-related upwellings at mesoscales. 
Such identification of key features explored during foraging may help to better understand 
critical environmental factors impacting such key features and associated prey resources 
when triggering threshold responses. Such results may be of particular importance when 
taking into account information from the observed threshold response situation during the 
catastrophic breeding season 2009/10 at Kerguelen, which has helped in identifying key 
features of successful foraging, and qualify and quantify environmental conditions le~ding 
to such threshold responses in king penguins. 
Changes in oceanographic features related to climate change have been suggested to 
significantly impact king penguins foraging behaviour and at-sea distribution, with the 
foraging behaviour of king penguins breeding at Crozet directly reflecting latitudinal 
southward shifts in the PF position (Peron et al. 2012). Our study confirms the importance 
of the PF for foraging king penguins at South Georgia and KergueJen as suggested by 
earlier studies (Bost et al. 1997; Guinet et al. 1997; Trathan et al. 2008; Bost et al. 2009; 
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Scheffer et al. 2010; Peron et al. 2012). Particularly the interannual changes in foraging 
behaviour in relation to the PF position at Kerguelen may indicate the importance of the PF 
variability for foraging king penguins, with southward shifts negatively impacting foraging 
perfonnances in tenns of trip characteristics, diving behaviour and body mass gain (see 
Chapter 6). However, in addition to the PF, our study also points out the importance of 
oceanographic features independent of the PF for foraging penguins. For breeding colonies 
located to the south of the PF such as South Georgia and Kerguelen, the cold-water 
features of southern origin in proximity of the islands appear to represent such additional 
key features. King penguins may therefore not only be affected by variability of the PF, but 
also by changes in such other key oceanographic features in their foraging area, which may 
in turn be impacted by the variability of the adjacent PF. Prey resources associated with 
these cold-water features and their interaction with the PF may even be o~, higher 
importance than the PF itself, as indicated by the breeding season 2009/10 at Kerguelen. 
The shift of the cold-water influx from the FTC to the south of the foraging area of king 
penguins resulted in drastically reduced foraging perfonnances, where extended foraging 
trips following the PF path may indicate that the PF in proximity of the colony may not 
have provided for sufficiently profitable prey resources to sustain efficient foraging. 
However, this may also have been related to changes in prey resources at the PF due to the 
warm-water intrusions in the upper ocean during the breeding season 2009/10 at Kerguelen 
(see Chapter 5). 
Despite their behavioural flexibility, king penguins appear to have limits of behavioural 
adaptation to changes in environmental conditions and prey resources. While our inter-
colony comparison indicates high behavioural flexibility in adapting to different 
environmental conditions, the breeding season 2009/10 clearly showed the limits of such 
adaptive capacities to maintain successful foraging and chick raising. Current climate 
change projections predict a general warming of the oceans (Solomon et al. 2007), which is 
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thought to be particularly pronounced in the Southern Ocean. Changes in the distribution 
of environmental parameters such as the mean and variance lead to non-linear changes in 
the frequency and amplitude of extreme events due to shifts in the distribution tails (Meehl 
et al. 2000; Jentsch et al. 2007, see Fig. 7.7). Facing ongoing climate change and future 
warming of the oceans (Gille 2002; Solomon et al. 2009), extreme events are predicted to 
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Figure 7.7: Expected changes in the probability of occurrence 
of extreme weather events under climate change for any 
given climate parameter such as for example temperature. 
Figure from Jentsch et a!. (2007). 
become more likely (Alley et 
al. 2003 ; Jentsch et al. 2007; 
Solomon et al. 2007; Jentsch 
& Beierkuhnlein 2008). 
Intensification of weather 
extremes is currently 
emerging an important aspect 
of climate change, and 
research on extreme events 
(event-focused in contrast to 
trend-focused) has 
increased in recent years 
(Jentsch et al. 2007). 
Investigating ecosystem or species reactions towards extreme events and evaluating critical 
environmental conditions where systems or components can not adjust anymore, and the 
underlying causes for these critical points is an important issue. The 20 I 0 event allows 
insights into key elements of successful fo raging of king penguins breeding at Kerguelen, 
and into possible reactions towards pronounced changes in their foraging habitat. 
Extreme weather events have been shown to negatively affect marine predators such as the 
survival of fur seal pups (Forcada et al. 2005; Lea et a l. 2009) and seabi rds (Frederiksen et 
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al. 2008). In threatened seabirds, extreme events are thought to lead to a higher probability 
of extinction through increasing process variance in survival (Frederiksen et al. 2008). Our 
study confirms the negative impact of extreme environmental events on king penguins 
breeding at Kerguelen in terms of foraging and reproductive success, which is ultimately 
impacting survival. It therefore underlines the importance of including the impact of 
extreme events and their increasing frequency (Solomon et al. 2007) into predictions for 
the ecological effects of climate change as suggested by Frederiksen et al. 2008. At South 
Georgia, penguins and fur seals showed lowest weaning and fledging masses on record 
during a local warm SST anomaly in the foraging area of marine predators during the 
breeding season 2009 (Hill et al. 2009). Even though a warm year was expected from 
remote impacts (Meredith et al. 2008; Hill et al. 2009), the local warming was higher than 
expected, and predator data and a combined standard index suggest 2009 was the worst 
year on record with only 1994 being comparable (Croxall et al 1999; Hill et al. 2009). It 
has been suggested that the warm SST anomaly may have been caused by intense in situ 
heating of the mixed layer as a consequence of local atmospheric effects (HHr et al. 2009). 
Such patterns of local upper-ocean warming and extreme effects on marine predators, 
potentially also through alterations in prey distribution, may be similar to the situation and 
mechanisms at Kerguelen during February 2010. 
Our study shows the impact of environmental variability, particularly in the PF and FTC 
position, on king penguins breeding at Kerguelen in terms of surface and diving behaviour. 
King penguins breeding at Crozet have already been reported to be impacted by changes in 
the PF position (Peron et al. 2012) and sea ice retreat (Le Bohec et al. 2008). Our study 
confirms this hypothesis for king penguins breeding at Kerguelen. However, bathymetry-
oceanography interactions at Kerguelen appear to induce non-linear responses of key 
oceanographic features and associated prey resources to PF southward movements, 
potentially leading to drastic changes in king penguins foraging behaviour from critical PF 
244 
southward positions in the area to the SE of Kerguelen. Studies of the impact of climate 
change on king penguins breeding at Crozet were based on survival rates (Le Bohec et a1. 
2008), but in future analyses it may be necessary to take into account other important 
factors affecting king penguins' population growth (Barbraud et al. 2008). Studies based 
on surface behaviour only (Peron et a1. 2012) do not take into account changes in the 
vertical habitat and diving behaviour of the penguins, which play crucial roles for 
understanding animals' behaviour towards environmental variability. In this study, the 
combination of behaviour and habitat descriptors in the horizontal and vertical dimension 
allowed us to gain more detailed insights into king penguins foraging behaviour in relation 
to oceanographic conditions at the ocean surface and at depth, and find possible 
explanations for changes in the animals' foraging behaviour associated with environmental 
change. The thermal structure of the water column has been shown to play a key role for 
diving predators (Brill et a1. 1993; Brill & Lutcavage 2001; Cartamil & Lowe 2004; Scott 
& Chivers 2009) and king penguins in particular (Charrassin & Bost 2002; Scheffer et a!. 
2012). Significant changes in diving behaviour and vertical foraging habitat use by king 
penguins breeding at Kerguelen associated with environmental variability underlines the 
importance of oceanographic conditions at depth for the birds. Taking into account the 
variability in the vertical foraging habitat and behavioural adaptations of the animals 
should therefore lead to a more comprehensive understanding of the reactions of diving 
predators towards environmental change. 
King penguin populations have increased since the 1960's (Woehler et al. 2001; Delord et 
a1. 2004) despite warming of the Southern Ocean (Solomon et al. 2007). Our study shows 
that king penguins are adjusting their behaviour to the environmental conditions 
encountered, presumably enabling them to buffer reproductive success and population 
survival towards environmental variability. However, it appears that such adaptive 
capacities can buffer changes in environmental conditions only to a certain extent and that 
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threshold conditions may exist, limiting the animals' capacities to buffer reductions in prey 
availability by adaptations in foraging behaviour (Harding et al. 2007). Marine predators 
have been reported to exhibit non-linear threshold-type responses to changes in prey 
availability (Cairns 1987), where small changes in prey trigger rapid changes in adult 
survival, reproductive performance and/or foraging behaviour (Harding et al. 2007; Piatt & 
Sydeman 2007). Even small changes in oceanographic features and prey distribution 
associated with climate change may therefore lead to significant changes in foraging 
behaviour of king penguins, which may ultimately be reflected in the reproductive success 
of the animals. This effect may be enhanced by non-linear responses in oceanographic 
conditions and prey availability to changes in environmental conditions, as it appears to be 
the case in the area to the south-east of Kerguelen. 
/ 
246 
7.4 Conclusion and future research perspectives 
This work has improved our knowledge about the foraging behaviour of a top marine 
predator of the Southern Ocean, the king penguin, in relation to its environment. Through 
the study of the species in two distinct locations it allowed me to generate important new 
insights into the detailed behaviour of king penguins in relation to their oceanographic 
environment, and further enabled me to identify potential key oceanographic features for 
profitable foraging, and finally how the species may respond to changes in these features in 
the future. 
The most important results of this thesis are as follows: 
-The Polar Front (PF) and cold-water features of southern origin (the southern ACC Front, 
SACCF at South Georgia, and the Fawn Trough Current, FTC at Kerguelen) were key 
large-scale features used during foraging at both study locations. 
-Eddies and bathymetry-related upwellings were important mesoscale features explored 
during foraging. 
-The main features at depth explored during foraging phases were the thermocline and 
Winter Water (WW). However, king penguins at both breeding locations also foraged in 
Circumpolar Deep Water (COW), which appears to become more important when birds are 
under increased constraints. 
-Variability in the PF and in the cold-water features in the foraging area significantly 
affected king penguins foraging behaviour. Southward shifts in the PF and the FTC in the 
foraging area of king penguins breeding at Kerguelen resulted in altred foraging behaviour 
and low reproductive success during one breeding season. 
247 
One important challenge for ecologists in the 21 st century is to understand and predict the 
potential effects of environmental change on biological communities. In this context, 
understanding the foraging behaviour and the identification of potential key features for 
successful foraging by king penguins is indispensable. Understanding and predicting how 
marine predator populations will respond to habitat change will be essential for developing 
conservation management strategies. Responses of animals to variability in their habitat as 
well as to previous and current environmental change may give important information for 
the development of predictive models. Such models may be developed taking into account 
horizontal habitat descriptors such as SST, SSH and/or bathymetry, but they will also need 
to take into account the vertical structure of the ocean. The results of this thesis provide 
detailed information on how king penguins explore their habitat in both horizontal and 
vertical dimensions, and highlights key structures at the ocean surface and at depth~ Future 
/ 
studies building on this work may therefore include predictive habitat modelling in the 
horizontal and vertical dimension, building on results from my thesis work. 
Due to time constraints and the magnitude of the task for the complete analysis of the 
tracking data from Kerguelen (with different temporal and spatial data resolution recorded 
by different devices used over the course of the long-term king penguin monitoring 
programme resulting from different types of ARGOS devices, GPS devices, and TOR 
devices), as well as the large datasets of behavioural and oceanographic data in 3 
dimensions, I was not able to analyze the entire Kerguelen tracking dataset. Analysis of the 
remaining years will undoubtedly add information to the results of this work, underlining 
patterns that have emerged from my study. 
The study of potential responses of king penguins breeding at South Georgia to interannual 
changes in their environment was restricted by the limited number of study years. 
Additional fieldwork on king penguins breeding at South Georgia would allow valuable 
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insights into the potential impact of such interannual variability in oceanographic 
conditions on the animals breeding there, which may add important information to my 
results and hypotheses concerning the foraging behaviour of king penguins resulting from 
my study. 
Advances in biologging technology will also result in more complete and continuous 
datasets, and improve the spatial and temporal resolution of tracking data. In this context 
the future use of GPS loggers may be of particular importance, as the resulting datasets 
will allow for more detailed study of surface behaviour with considerably reduced 
uncertainties due to data gaps. This may allow the use of more sophisticated modelling 
methods such as state-space modelling, where behavioural modes of the animals can be 
inferred from changes in surface behaviour. In my study, the use of such methods was 
restricted by the low spatial resolution of tracking data obtained by ARGOS devices. 
Future work on high-resolution GPS datasets would facilitate this approach, which may be 
further improved by incorporating environmental covariates into the models. Such 
modelling may be carried out in the horizontal dimension as used for a number of study 
species (Jonsen et al. 2003; Jonsen et al. 2005; Breed et al. 2009), but may also include 
most recent developments of state-space modelling based on behaviour and environmental 
covariates for the vertical dimension (Bestley et al. 2012). In both instances, results from 
this study will provide important information about key oceanographic structures and 
environmental variables for foraging king penguins, which may facilitate the development 
of such models including the horizontal and vertical dimension of the animals' 
environment. 
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To be continued .. · 
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ABSTRACT 
Marine predators are thought to utilise oceanic fea tures adjusting their foraging strategy in a scale-
dependent manner. Thus. they are thought to dynamically alter their foraging behaviour in response 
to environmental conditions encountered. In this study. we examined the foraging behaviour of King Pen-
guins (Aptenodytes patagonicus) breeding at South Georgia in relation to predictable and stable oceano-
graphic features. We studied penguins during their long post-laying foraging trips during December 
2005 and January 2006. For this investigation. we undertook a simul taneous analysis of ARGOS satel-
lite-tracking data and Mk 7 Wildlife Computers Time Depth Recorder (TOR) dive data. To investiga te cor-
relations between foraging behaviour and oceanographic conditions. we used SST data from January 2006 
from MODIS satellite AQUA. To determine changes in search effort. first passage time (FPT) was calcu-
lated; fo r analysis of dive behaviour. we used several dive parameters that are thought to be reliable indi-
cators of changes in foraging behaviour. King Penguins appeared to target predictable mesoscale fea tu res 
in the Polar Front Zone (PFZ ). either a warm-core eddy in the PFZ or regions of strong temperature gra-
dients at oceanic fronts. Two different trip types could be distinguished: di rect trips with a straight path 
to one foraging area at the edge of an eddy or at a thermal front . and circular trips where birds fo raged 
along strong thermal gradients at the northern limit of the PFZ. It is likely that both trip types were a 
direct consequence of prey encounter rates and distributions. both of which are li kely to be associated 
with these oceanographic features. Circular trips often included passages across the centre of an eddy 
where birds made deep foraging dives. but remained only a short time in the eddy. poss ibly because prey 
were too deep. All birds showed Area Restricted Search (ARS) at scales of <1 0 km. The two trip types had 
different ARS patterns. with clear ARS hotspo ts for di rect trips and several ARS hots pots over the whole 
duration of the trip for circular trips. Dive behaviour had clear relationships with the changing water 
temperature and the time of day. presumably in response to different prey distribution. Especially for 
direct trips. dive behaviour showed significant di ffe rences within and outside of ARS hotspots. Thus. King 
Penguins appear to target predictable mesoscale fea tures in the PFZ. They use ARS in diffe rent patterns to 
exploit the environment and adjust their foraging strategy and diving behaviour depending upon condi-
tions they encountered. Diving behaviour showed correlations to ARS patterns. especially for direct trips. 
which may represent a favourable foraging strategy. The presence of predictable oceanic features allows 
King Penguins to focus their foraging effort. presumably allowing them to increase their foraging success 
and decrease their diving effort. 
© 2010 Elsevie r Ltd. All rights rese rved. 
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the abundance, distribution and predictability of these 
Phys ical and biological processes in the ocean control the d istri-
bution and abundance of plankton and nekton. which affects the 
distribution of higher trophic levels such as seabirds and m arine 
mamma ls (Pakhomov and McQuaid. 1996). Hete rogenei ty in the 
marine environment results in pa tchiness and aggregated dist ribu-
tions of marine resources over seve ral different scales (Croxall 
et a l.. 1984; Faucha ld. 1999). Foragers in patchy system s are 
known to adjust the ir search pattern in orde r to assess t he sys tem 
at diffe rent scales (Fauchald. 1999). Ma rine preda tors feeding on 
such prey patches should concentra te the ir foraging effort s in areas 
where resources are most predictable and the refo re adjust the ir 
aI., 19~~~Odhouse et al.. 1996; Hull e t a l.. 1997; Weimerskirch 
~ ,Fauchald et al.. 2000; Weimerskirch. 2007 ). 
COtr e eSPOnd' 
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foraging behaviour at different scales depending on the conditions 
encountered (Weimerskirch et aI., 1997; Fauchald et aI., 2000; Pin-
aud and Weimerskirch, 2005; Weimerskirch, 2007). Polar and tem-
perate waters can be highly productive and contain predictable 
oceanographic structures and prey resources (Weimerskirch, 
2007). Therefore, marine predators in the Southern Ocean can rely 
on these predictable oceanographic features and the associated 
prey resources. 
With the development of satellite tracking and other bio-Iog-
ging techniques it is now possible to obtain detailed insights into 
predator-prey dynamics and predator foraging strategies including 
the diving behaviour of marine predators. Such methods have so 
far mainly concentrated on flying seabirds (Weimerskirch et aI., 
1997; Nel et aI., 2001; Pinaud and Weimerskirch, 2005; Weimers-
kirch, 2007) and other marine predators (Block et aI., 1997; Cam-
pagna et aI., 1998; Bailleul et aI., 2007; McMahon et aI., 2007; 
Teo et aI., 2007) and less is known about the fine-scale foraging 
behaviour and spatial patterns of diving sea birds such as penguins. 
King Penguins (Aptenodytes patagonicus) constitute an important 
component of the Southern Ocean marine food web (Woehler, 
1993). They breed on many of the sub-Antarctic islands (Williams, 
1995) in the proximity of the Polar Frontal Zone (PFZ). There are 
important aggregations breeding at Marion, Prince Edward, Croz.et, 
Kerguelen, Heard, Macquarie, South Georgia and the Falkland Is-
lands. Estimates of the world population (Woehler, 1993) are up-
dated by current estimates that suggest 2000,000 breeding pairs 
(Available at: http://www.penguins.c1/king-penguins.htm) how-
ever population numbers have changed rapidly over recent years 
and the actual world population size is unknown. For example, 
the colony at St. Andrews Bay, South Georgia comprised only 700 
pairs in 1928 (Kohl-Larsen, 2002); today the same colony is suffi-
ciently large that it may comprise upwards of 150,000 pairs (Tra-
than et aI., 2007). 
Together with Emperor Penguins (Aptenodytes Jorsteri), King 
Penguins are known to be the most pelagic of all penguins (Kooy-
man and Kooyman, 1995) and are able to spend several weeks at 
sea during their extended foraging trips (Kooyman et aI., 1992; 
50'5 
en-
Wilson, 1995; Piltz et aI., 1998). This makes them highly de:ean, 
dent on oceanographic mesoscale features of the open 0 and 
which in turn are often determined by rugged topographY dfd 
bathymetric features. Flying seabirds are able to cross exte~ei' 
areas of the ocean (Weimerskirch et aI., 1997; Pinaud and caleS. 
merskirch, 2005) and can therefore search for prey at large sore 
In contrast, diving sea birds such as penguins generally travel .!T1g is 
slowly and with higher energy costs per unit travel-swim~~V'I' 
more energetically costly than flying or gliding (Maina, 2000, r ra-
om and Liggins, 2002). Diving seabirds also have a much loWeater. 
dius of prey detection due to reduced visibility underW t~at 
Therefore, penguins need to rely on predictable prey resources 
may be associated with detectable oceanographic features. scoda 
The island of South Georgia is situated to the north of t~ea coJll' 
Sea south of the Polar Frontal Zone (PFZ; Fig. 1). The P~ IS d sub' 
plex, circumpolar transition region between the Antarctic an c~ar' 
Antarctic surface waters. It is generally highly dynamiC and IS (Gor' 
acterised by the presence of numerous eddies and me~nder~ ootal 
don et aI., 1977; Glorioso et aI., 2005). Production wl.thiO ~aoO' 
zones is often elevated compared to that in surrounding o~ao bf 
graphic areas (Thomas and Emery, 1988). Such produCtiOn wit~ 
spatially extensive and temporarily stable over several wee~~). 
a certain scale-dependent predictability (Weimerskirch, 200large-
King Penguins are known to forage preferentially along et al" 
scale physical features such as oceanographic fronts (Bost nsioO 
1997) and to use hydrographic features in the vertical. dlm~ 80st, 
to exploit the water mass in three dimensions (Charrassln a~t t~eif 
2001). In the South Indian Ocean, they are also able to adJu r noo' 
foraging activity and utilise specific oceanographic areas f~7). 
random foraging (Charrassin and Bost, 2001; CoW~ et aI., 20 anaod 
King Penguins are highly specialised diving birds (KOOYOOunder' 
Ponganis, 1990); they spend nearly 50% of their time at sea viSual 
water (Charrassin et aI., 1998). It is assumed that they ar\ preY 
feeders and need a certain ambient light level to detect the~ns de' 
underwater (Piltz et aI., 1998; Bost et aI., 2002). King pengu:
e 
t~ei r 
pend upon the distribution of myctophid fish that constltU 1991: 





• Sub·Antarctic Front 
• Polar Front 
• Southern ACC Front 
= Southern ACC Boundary 
SAF 
PF 
. - ~ alha" 
Fig. 1. Location of the island of South Georgia in the Southern Ocean, with the main fronts of the Antarctic Circumpolar Current (after Orsi et al. (1995) and rr 
(1997,2000)). 
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Cherel Vert' et aI., 2002; Bost et aI., 2002) and which undertake diurnal 
Ou Ical migrations (Zasel'sliy et aI., 1985; Bost et aI., 2002). Previ-
rwS studies have suggested the existence of close relationships be-
du;.en penguins' foraging activity and time of day, with deep dives 
1991;.g daylight and shallower dives during night-time (Wilson, 
deed' Kooyman et aI., 1992; Putz et aI., 1998; Bost et aI., 2002). In-
div ,Penguin foraging behaviour can be identified by a number of 
Pijt~ Parameters (Kooyman et aI., 1992; Putz et aI., 1998, 2006; 
and ~nd Cherel, 2005; Bost et aI., 2007) calculated from satellite 
T tl.me-depth-temperature recorder (TDTR) data. bree~IS study investigates the foraging strategy of King Penguins 
val'iat~ng ?t South Georgia in relation to both the time of day and 
Pen I~n In sea surface temperature (SST). We also explored how int~Ulns encounter predictable oceanographic mesoscale features 
diVe ~ PZF to the north of South Georgia, and how they adjust their 
tOok ehavlQur and foraging activity as a consequence. We under-
lllR ~ .SlmUltaneous analysis of ARGOS satellite-tracking data and 
Iilent .Ive data allowing insights into trip orientation, bird move-
taUect ln relation to oceanographic mesoscale features as well as de-
reliabl anal~sis of several dive parameters that are thought to be 
e indicators of changes in diving behaviour. 
~. ~at . 
erlals and methods 
<.1. De . 
Vice deployments 
Betw gUins b een.December 2005 and January 2006, 11 female King Pen-
Ceor . reedlng at the Hound Bay colony in the north-east of South laYingl~ (54:23 0 S, 36'lS 0 W) were tracked during their long, post-~ansg .oraglng trips. The birds were equipped with ARGOS satellite 
tOil)prnltters (SPOT 4 Platform Transmitter Terminals, Wildlife 
!rS) tlUters, Redmond, USA) as well as with Mk 7 (Wildlife Comput-
O(js rnme-depth recorders. Devices were attached following meth-
'ttach odifi~d from Wilson et al. (1997); briefly, devices were 
glUe. T:ct USing waterproof Tesa© tape and quick-drying two-part 
their f aid In the recovery of devices, all birds were marked on 
Painte~ont with permanent black hair dye and all devices were 
t~ P. At Yellow. All devices were recovered after a single foraging ~ail)ic tached devices may have negative impacts on the hydrody-
'II,s nS of sWimming (Wilson et aI., 2004) but in our study, there 
illente~ Significant difference in trip duration between instru-
and control birds (see Trathan et aI., 2008). 
<.2 S 
. ea 
surface temperature data 
S Sea S (6'S ijn~rface temperature data for the study area (between 48-
NOAA 3?-44°W) were obtained from MODIS AQUA satellite Janua~ ~vallable at: http://modis.gsfc.nasa.govll for the month of 
SPatial 006. A composite map for the period was created with a 
tracks Orfesolu,rion of 0.04167 0 latitude and longitude. The foraging 
ah~e POt all ?Irds were plotted on the SST map of the region to visu-
S'ales. entlal correlations with oceanographic features at different 
2.3. S 
Qtel/ite tracking 
~~ the ho . 
u COS s rtZ?ntal movements of penguins at sea were tracked by 
a OUSly ~~elhte telemetry. The devices were set to transmit con tin-/CUracy en dry, with a repetition rate of 45 s. Three classes of 
lacy ISO w~re obtained with the ARGOS system: class 3 with accu-
~il) rn, class 2 with accuracy 350 m and class 1 with accuracy ~ tAl'lo~ttP: //www.argos-system.org/html/system/faq_en.html# 
Ot used . %20ACCURACY). Locations with accuracy A, B or Z were 
10 this study (1.15% of positions); these positions can have 
variable accuracy and were not required with respect to the scale 
needed to analyse the general form of the tracks. 
Trips were classified into two types according to the differences 
in trip course identified from satellite data: direct trips which tar-
geted one limited area, and circular trips where birds moved along 
strong temperature gradients and targeted multiple areas. For each 
bird, we calculated trip duration, distance covered, mean and max-
imum distance to the colony. Surface speed between two ARGOS 
locations was calculated by assuming travel in a straight line with 
constant surface speed (Weavers, 1992). Since the maximum travel 
speed of a King Penguin is 14 km/h (Kooyman and Davis, 1987), 
speeds higher than 14 km/h were rejected. 
To determine changes in search effort of the tracked birds, first 
passage time (FPT) was calculated following Fauchald and Tveraa 
(2003) at different spatial scales of radius 1-128 km. To calculate 
FPT, track positions were interpolated at temporal resolution of 
5 min; locations where the radius at a given spatial scale over-
lapped with either the start or the end of the track were removed. 
Variance maxima of FPT S(r) = Var(log(t(r))) indicated the spatial 
scale of slowest passage time and of highest search effort, where 
r is the radius of the circle and tCr) the time lag between the first 
passage time of the circle backward and forward along the path. 
To locate areas with the highest search effort in each trip, FPT 
was plotted as a function of time since departure from colony 
(Fauchald and Tveraa, 2003). Areas of the upper quartile values 
of FPT represent the areas with the slowest passage time and the 
most intense search effort and were designated as 'ARS hots pots'. 
2.4. Time-depth recorders: analysis of diving behaviour 
Time and depth data were recorded at 1 Hz and stored in a 2 Mb 
Flash EPROM chip. During long surface intervals, recording was 
halted by a saltwater switch and resumed when the bird restarted 
diving activity. The resolution of dive data recording was 0.5 m. To 
avoid the analytical complications associated with surface wave 
clutter, dives less than 3 m were removed from the analysis. Dives 
were classified as either foraging (>20 m depth; Putz and Cherel, 
2005) or travel dives. With a combination of the dive profiles from 
TDR data and the P1T tracks overlaid on the SST map, correlations 
relating to trip type, diving behaviour and oceanographic condi-
tions could be determined. 
Dive analyses were carried out on 1400 randomly selected dives 
per bird using Matlab software (The MathWorks, Inc., Natick, MA, 
USA). For each dive we determined maximum dive depth, dive dura-
tion, duration of the prior surface interval and post-dive interval, 
number of reversals (Le. number of changes in depth direction dur-
ing the dive, either increasing or decreasing), bottom duration (Le. 
time spent at 75% of the dive depth) and bottom activity (i.e. vertical 
distance travelled during bottom period). We assessed changes in 
dive frequencies and the above dive parameters in relation to the 
time of day and SST during the trip to determine whether there were 
major differences between the trip types in several dive parameters 
and to determine the conditions under which the different trip 
types were carried out. Geographical coordinates for each dive start 
were interpolated from satellite-tracking data, assuming straight-
line travel and constant speed between two location points (Weav-
ers, 1992). The sea surface temperature values at each dive location 
were estimated by searching for the geographically nearest value 
within the SST satellite dataset; this allowed us to determine 
changes in diving behaviour associated with changes in SST and 
oceanographic features encountered during the trips. 
To evaluate changes in diving behaviour with the time of day 
and changing SST, dive activity (dives/h) during different daytime 
periods (daytime, twilight and night-time) was calculated for the 
different SST values. For each dive, we assigned one of the daytime 
periods. Exact times for sunrise and sunset were calculated for 
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each dive location based on the interpolated geographical coordi- was fast and direct: on arrival in the foraging area, movernencsa;t~ 
nates (Sea-Air Matlab Code, Woods Hole Oceanographic Institu- headings showed a clear change towards more erratic rnove~e 3~ 
tion, Woods Hole, MA, USA). For twilight hours, we used the within the limited geographic sphere of the foraging area (FI~' iO' 
nautical twilight definition (US Naval Observatory Astronomical Surface speeds also decreased while in the foraging area an wed 
Applications Department), with dawn and dusk defined as the cen- creased again during travel back to the colony when birds folio giog 
tre of the sun being geometrically 12° below the horizon. Because their outward pathway, only in reverse (Table 1). The fora ddY 
of light absorption in water, underwater twilight hours were de- areas of the direct trips were located either at the edge of an e rt~' 
fined as the nautical twilight hours but with a 90 min shift towards at 49.5-50.00 S, 35.0-36.00 W (birds 02 and 16) or close to a n~eet 
daylight. Midday was defined as the period between 11 :00 and eastern area of mixing where cold waters from the south (birdS 
13 :00 in order to test specific characteristics and changes in diving warmer waters from the north at 50-51.5°S, 31_33.5°W (Ward 
behaviour around midday. , 15 and 17). One direct trip (bird 14) was oriented northWes c aOd 
To identify correlations in diving behaviour with surface tracks to a highly dynamic mixing area of cold waters from the eaS 
and search behaviour, several dive parameters were compared warm waters from the west at 50-51 oS, 40-41.5°W. were 
within the ARS hots pots (dives within the upper 25% of FPT) and Circular trips were shown by five birds (Fig. 2b). Th~y dura' 
outside the ARS hotspots. In order to determine differences be- characterised by a more constant speed over the whol~ trIP foCUS 
tween the different trip types, these comparisons were carried tion (Table 1). Contrary to the direct trips, these birds did not cei11' 
out separately on the dives for direct trips and the dives for circular their activity in one foraging area, rather they travelled ~Ion~ their 
trips. To evaluate the influence of latitude (and changing SST) on perature gradients where different water masses mlxed'f birdS 
foraging behaviour, the number of foraging dives within and out- course and heading were less erratic than the moverne~t ~ r triP 
side of the ARS hotspots was calculated in relation to latitude. following direct trips in the foraging area. Four of the C1rcu ~dY at 
2.5. Statistical analysis 
To compare diving behaviour between the two trip types, be-
tween ARS hots pots and other areas, as well · as the throughout the 
day, we used Kruskal-Wallis tests. We chose a nonparametrical test 
to cope with possible autocorrelation in the data. To test differences 
in parameters calculated from satellite data (trip duration, distance 
travelled, distance from colony) we used two-sample t-tests. 
3. Results 
3.1 . Trip orientation in relation to SST and mesoseale oceanographic 
features 
All trips were oriented to the north towards the PFZ waters or 
regions on its northern limit. Many trips appeared to target meso-
scale oceanographic features in these areas. Travel at the start and 
end of each trip was across waters of 2-4 °C: those periods were 
characterised by straight headings for all birds and elevated travel 
speed with short surface intervals (Table 1). When birds reached 
waters with SST >4 °C, two different trip types could be distin-
guished for 10 out of 11 birds, and one bird was performing an 
alternative strategy. 
Direct trips were shown by five birds (Fig. 2a): these were char-
acterised by a straight pathway to and from one focused foraging 
area. While commuting and travelling in colder waters, movement 
birds (birds 01 , 03, 05 and 07) crossed the centre o~ the eheres-
50.0°5, 37.00W where they engaged in deep foraging diVes. T birdS 
idence time in the eddy was only a few hours after which the aCUre 
continued heading northwards towards the strong ternpe~older 
gradients between warm northern waters (>9 °C) and th~ar [riPS 
PFZ waters close to the Falklands Ridge. One of the C1rcu aioed 
(bird 04) passed to the east of the eddy and the bird reCOrdS to 
for a few days in this area but then continued north-eastWaristicS 
the PFZ boundary region. One trip (bird 06) showed characceoft~e 
of both trip types and could not clearly be assigned to one (trac~ 
two trip types. This trip was excluded from further analySIS 
not shown in Fig. 2). in triP 
Direct and circular trips showed no significant differenc~ COean 
duration, whereas total distance covered and maximu~ a~ r crips 
distance to the colony were significantly greater for CIfeu a 
(Table 1). 
3.2. FPT analysis and ARS behaviour 
· t~ 
. leS Wl 
FPT variance maxima of all birds occurred at spatial sea fo rf11S 
radius between 2 and 10 km (Fig. 4a), with different eurv; single 
for the different trip types. Direct trips (Fig. 4b) shOW~ r birdS 
peaks in variance of S(r) = 0.43 and 0.47 at r = 2-4 k~ ;23 aod 
14 and 15, and very low variance peaks between 5(r1- t'Fig. 4cJ 
0.16 at r=2-6km for birds 02, 16 and 17. Circular trIps 'chSeY' 
had either a broader maximum of variance. r = 2-10 km, WI siogle 
eral peaks around S(r) = 0.7 and 0.53 (birds 03 and 05), or a 
~1 I ~ 
Mean and standard deviation of trip type characteristics for direct and circular trips. Different trip phases are defined as: travel- 2-4 · C, search in eddy _ 4-5 ·C (on Y 
trips), foraging - >4 ·C for direct trips. >5 ·C for circular trips (KW: Kruskal-Waliis test ). 
Direct trips (n - 5) Circular trips (n - 5) t-test 6 
'hP-OJ Trip duration (days) 20.59 ± 1.21 22.52 ± 3.38 No difference WIt 
Total dist covered (km) 1342.66 ± 125.06 1668.74 ± 99.10 p-O.002 
Max dist to colony (km) 537.99 ± 46.98 709.94 ± 34.63 p-0.OOO2 
Mean dist to colony (km) 362.39 ± 56.23 470.72 ± 60.28 p - 0.01 
KW direct-circular 
Surface speed (lan/h) d/_ s(J6A 
Travel to/from foraging area 3.9 ± 1.8 (n - 4470) 4.2 t 0.9 (n - 3595) P - 0.016. F- 5.83, 1 
Search in eddy (circular) 3.39 t 1.2 (n -1514) _ ~ 431 
Foraging (>4 ·C direct, >5 ·C circular) 2.5 ± 1.7 (n - 2434) 3.08 ± 1.3 (n - 1879) P<0.001,F_151.89,d -
KW surface speeds for different trip phases p < 0.001, F - 928, df - 6902 p< 0.001, F-1170, df-6985 
Surface intervals (s) 15950 
Travel to/from foraging area 222 ± 1788 (n -11816) 180 t 1121 (n - 4135) P < 0.001,F - 13.93. d/ - 1 
Search in eddy (circular) 305 ± 1955 (n -1742) 
- d/_ ss6 
Foraging 323 ± 2286 (n - 6402) 350 ± 2235 (n - 2160) P < 0.001, F _ 309.45, 



















































bird 05 ~~~~r?-I~..r!.._,..J(w -- bird 07 
Fig. 2. Orientation of (a) d irect trips and (b) circular trips. in re lation to SST (SST from NOM MODIS sa tell ites fo r January 2006). 
b ~tonl ~ith S(~)S:OWIY decreasing peak in variance for birds 07, 04 and 01, 
i~ OWed a ~.4~, 0.37 and 0.29. Nine out of the 10 birds studied 
the fut dip In S(r) at r = 12 km; this could be further explored 
out of the 10 birds. Direct trips (Fig. Sa ) showed either one clear 
ARS hotspot with an increase and decrease of FPT (birds 02, 16 
and 17) or several but clearly separated hotspots over the trip (bird 
14). Circular trips (Fig. Sb) did not show a single ARS hotspot in one 
particular area of the trip, but several areas of elevated passage 
time over the whole trip (birds 01 , 04, OS and 07 ). Apart from bird 
l'h Ure 
tOI e Plot . 
Ony Sh S of FPT as a function of t ime since departure from the 
oWed different patterns for the different trip forms for 8 
231 
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(a) (b) 
Fig. 3. Changing movements between travel and foraging phases of a direct trip (bird 16) for (a) the total trip and (b) for the foraging phase where circles indicate p!5 
hotspots (areas of slowest passage time). Grey numbers indicate the dates during the course of the trip. 
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Fig.4. Variance in first passage time S(r ) after Fauchald and Tveraa (2003) for (a) all trips at larger scale with r = 1-128 km. (b) direct trips at finer scale with r · 1-2 
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~~ FP'y' maxima for ARS hotspots from circular trips did not exceed 4 O( Antarctic Zone waters, and the focal foraging phase in waters 
07 ay, whereas direct trip ARS hotspots had FPT maxima between >4 °C. 
, and 2.4 days, 
th Two birds (birds 03 and 15) showed mixed FPT patterns even 
re~tugh their trip form allowed a clear assignment to circular or di-
Ov ' Bird 03 showed several but clearly separated ARS hots pots r.e~ the trip with FPT maxima between 1.4 and 2.1 days for 
iOg km. Bird 15 showed a slow but constant increase of FPT dur-
valu:he first days, then a relatively constant FPT at the maximum 
(never >1 day for r = 5 km). 
;/d Diving behaviour in relation to SST, oceanographic features, time 
ay and ARS behaviour 
Ph:or analysis of diving behaviour we distinguished two different 




3.3.1. Diving behaviour in 2-4 O( Antarctic Zone waters: travel phase 
Maximum diving activity was located in waters between 2 O( 
and 4 O( where birds executed travel and foraging dives in approx-
imately equal proportions and diving activity was pronounced dur-
ing the day and night (Fig. 6, Table 3). Foraging activity appeared 
during the total 24 h period, with numerous deep foraging dives 
during daytime and shallow foraging dives <50 m depth during 
night-time. Surface speeds were high, and only short surface inter-
vals appeared (Table 1). Both trip types showed the same form of 
diving behaviour described above, though there were detailed dif-
ferences in the exact times of maximum dive effort. Direct trips 
had maxima of foraging dive frequency, dive depth and dive dura-
tion during the twilight periods (Tables 2 and 3), whereas circular 
trips showed the maximum foraging activity during dawn with 
0.5 ---.~~.-








o 1 2 3 4 5 8 7 8 .. 10 11 12 13 14 15 18 17 18 18 20 
nne em. ~re from colony (d) 
Fig. 5. First passage time for r - 5 km as a function of time since departure fro m colony fo r (a ) a direct trip and (b) a circular trip. 
e 9 10 
SST 
Fig. 6. Number of travel and foragi ng dives with increasing SST. 
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then a constant decrease offoraging activity over the day, but with 
maximal dive depth and duration around midday (Tables 2 and 3, 
Fig. 8a). In general, circular trips showed higher surface speeds and 
higher foraging activity over the total 24 h period than direct trips 
in 2-4 O( waters (Tables 1 and 3). 
3.3.2. Diving behaviour in waters >4 °C 
With the birds arrival in waters >4 0C, travel activity and surface 
speeds decreased and surface intervals increased (Table 1). Diving 
behaviour showed a more marked diurnal pattern, with far fewer 
travel dives and almost no foraging dives during night-time. Dur-
ing daytime and twilight periods, diving behaviour showed contin-
uous foraging activity with frequency maxima in the twilight 
hours. Direct trip types generally showed a higher foraging activity, 
with the maximum during the dawn period (Table 3). With a finer 
resolution temperature differentiation of waters >4 0 ( , a clear 
change in diving behaviour appeared in circular trips with regards 
to foraging activity and several dive parameters (Tables 3 and 4a 
and b; Fig. 8). In 4-5 O( waters across the eddy, foraging dives fre-
quency showed pronounced maxima during twilight periods and a 
minimum around midday (Table 3). Dive depth, duration and bot-
tom activity showed clear maxima at midday (Table 4a). Surface 
speed decreased compared to the prior travel phase in 2-4 °( 
waters, but was significantly higher than surface speeds of direct 
trips in the same SST zone (Table 1). With the birds arrival in 
waters >6 0( , diving behaviour changed showing an inverse pattern 
of the behaviour in the eddy. Dive depth and duration as well as 
Table 2 
· 'ficant bottom activity and number of reversals all showed SlgOl nd 
(p < 0.01) maxima during the twilight hours and minima arOUng 
midday (Table 4b). From SST >5 0(, dive depth and duration dU~1 a 
twilight hours increased with SST (Table 5). With SST >6 0 (' on fue 
small number of records (n = 471) were available for analysIS 
to memory limitations in the TDR devices. it~ 
Foraging dive frequency within the ARS hotspots change~ VI nd 
latitude. At higher latitudes, foraging dives occurred withJO ~ng 
outside of ARS hotspots, and with decreasing latitude, the fora'~hin 
dives were reduced outside the ARS hots pots and increased VI~ for 
the ARS hotspots (Fig. 7). This behaviour was more pronounce ting 
direct than for circular trips, especially for the two birds targe d a 
the edge of the eddy (birds 02 and 16); these birds sho~eand 
strongly reduced foraging dive frequency in latitudes >51 5 
an intense foraging activity within ARS hots pots around 50
0
\hin 
Several dive parameters showed significant diffe~ences ~~ 6). 
and outside of ARS hots pots, especially for direct tripS (.Tab wit~ 
Within ARS hots pots, birds executed deeper and longer dlve~ r of 
elevated bottom time and bottom activity, but the nurn de was 
reversals did not show significant differences. Surface spee d'ffer-
reduced within ARS hots pots. SST values showed sigmficant ~spOt 
ences within and outside ARS hotspots, with a mean ARS hO wed 
SST of 4.11 O( and 3.24 O( in other areas. (ircular trips also shOwed 
changes in diving behaviour, but not all dive parameters Sh~thin 
significant differences. A comparison of dive parameters W anY 
ARS hotspots between direct and circular trips did not shoW 
significant differences (Table 6). 
Dive depth and duration over the day period in 2-4 ' C waters (KW: Kruskal- Wallis test). 
Twilight (n - 1183) Rest daylight period (n - 4972) 
(a) for direct trips 
Dive depth (m) 74.47 ± 69.45 53.58 ± 62.29 
Dive duration (s) 158.98 ± 102.1 126.89 ± 104.4 
Midday (n-231) Rest daylight period incl. twilight (n - 1686) 
(b) for drcular trips 
Dive depth (m) 76.36 ± 62.32 66.64 ± 57.24 
Dive duration (5) 166.64 ± 113.19 156.4 5 ± 103.42 
Table 3 
Foraging activity (foraging dives/h) in different SST zones for direct (D) and circular (C) trips. 
Ddawn 
Trovel 
2-4 ' C 7.5 
Eddy 
4-5 ' C 
Forage 
>4 °C 14.6 
>6 °C 
D dusk D midday D days D nights Cdawn C dusk C midday 
5.7 43 4.8 4.8 9.0 5.4 6.8 
9.6 9.3 4.6 
11.3 10.3 9.2 1.9 
7.7 7.9 53 
1ror-------.------,-------,-------.-------r-------r------~----~ 
n =899 
o L-___ --'--'-....... 
56 55 53 52 
"South 
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travel phase (2-4'C) search phase g)'re(4-56(;) foraging phase(6-76(;) 
300 300 :DJ 300 :DJ 
250 250 250 250 250 250 
-S ~ ~200 200 200 200 200 200 :::l 
-c 
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c: c: ~ 100 100 100 100 lOO 100 '" Cl) Q) E E 
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time of day time of day time of day 
Fig_ 8_ Dive depth and dive duration for different SST zones for foraging dives of circular trips. 
llble 4 
than ' 
glng dive parameters over the day period. Values are means ± standard deviation. 
Dawn Dusk Rest daylight period inc!. midday KW test (df-1364) (Q)ln~-----------------=::-- ------=-=:-:::'------=-=:'--=-----"":""-"":""'="","----""':"':"""--'-­
Div Waters of 4-5 °C for circular trips (eddy passage) 
Dive depth (m) 56.3 ± 36.6 
80t e dUration (s) 179.2 ± 32.9 Nu~~ activity (m) 94.81 ± 37.25 
er of reversals 7.82 ± 4.84 
~( Midday 
b) In 
Dive t aters >6 °C for circular trips (after eddy passage) 
Dive depth (m) 68.7 ± 21 .0 
eott urallon (s) 145.6 ± 41.5 
Nu orn activity 78.4 ± 26.4 
Illber of reversals 4.4 ± 2.4 
61.9 ±28.1 
170.2 ± 52.8 





~rcul~~g dive depth and duration during twilight hours for increasing SST >5 °C for ~------------------~~---------- Dive depth (m) Dive duration (s) 
&"7:C (n - 380) 73.21 ± 45.10 190.54 ± 70.99 
' 7 ° C (n -76) 97.75 ± 37.65 239 ± 53.88 
!<\vC (n ·14) 120.79 ± 15.7 232.14 ± 25.42 
test (df-469) p<0.01 . F- 40.31 p<0.01.F-45.97 
~. \). 
IsCUSSion 
'SS~i S~Uth Georgia. King Penguin foraging trips showed clear 
ill,l gratl~ns with oceanographic features, particularly strong ther-
t adlents or an eddy in the PZF. Two different behaviours were 
~ble 6 
70.7 ±40.9 
195.1 ± 61.1 
108.05 ± 38.32 
7.16±4.51 
Rest daylight period incl. twilight 
100.7 ± 38.9 
222.2 ± 62.8 
1175±37.9 
5.8 ± 3.3 
p < 0.01. F- 26.4 
P < 0.01 . F- 66.2 
P < 0.005, F - 31.68 
P < 0.005, F - 11.45 
KW test (df - 339) 
p <0.001. F- 32.5 
P <0.001. F- 54.7 
P < 0.001 . F- 40.3 
P < 0.001. F- 4.4 
evident that resulted in two different foraging trip types. It is likely 
that both trip types were a direct consequence of prey encounter 
rates and distribution, both of which are likely to be associated 
with these oceanographic features. King Penguins appeared to 
use Area Restricted Search (ARS) in different patterns to exploit 
the environment depending upon conditions encountered. Varia-
tion in several dive parameters was apparent during the trips 
and was related to time of day. SST and ARS behaviour. 
4.1 . Trip orientation and ARS behaviour in relation to SST and 
mesoscale oceanographic features 
All trips were clearly oriented northwards towards the Polar 
Frontal Zone and regions with SST >4 0c. The PFZ is a complex. cir-
. ean d' I~ 'lvit~~~ parameters for foraging dives for all birds of (a) direct and (b) circular trips within and outside of ARS hots pots. KW test - Kruskal Wallis test results (for df- 8). 
ARs hots pots. out - outside of ARS hotspots. 
Depth Duration 
(Q)Oj In Out 
~~ reet trips (n -4110) 
814 74.66 66.26 
81S 87.64 39.49 
816 103.56 62.36 
817 101.88 68.26 
!<\v test 118.10 94.51 
(b) . P<O.Ol 
b. ("CUI 
"1)1 ar trips (n - 5246) 
~3 85.18 75.07 
~ 72.12 56.89 
80S 85.04 80.36 
~ 99.44 49.65 






















































Bottom duration SST Surface speed 
In Out In Out In Out 
113.12 97.68 4.19 3.32 3.53 4.19 
99.75 61.83 4.14 2.68 2.42 3.89 
114.01 95.91 3.42 3.18 3.42 3.93 
117.23 95.04 4.43 3.2 2.63 4.94 
118.42 109.55 2.87 2.82 2.32 3.83 
p <0.01 P < 0,01 P < 0.01 
119.64 115.46 3.99 3.72 3.99 5.05 
108.5 92.08 5.23 3.14 2.68 4.02 
109.71 9134 4.21 2.91 3.04 3.22 
117.76 84.41 4.33 2.54 3.81 4.44 
114.92 88.17 4.28 4.36 4.12 4.04 
P < 0.01 P - 0.75 p - 0.12 
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cumpolar transition region between the Antarctic and sub-Antarc-
tic surface waters ; in places it is constrained by bathymetry where 
it is characterised by the presence of high-energy eddies and 
meanders (Gordon et aI., 1977; Moore et aI., 1999). Mesoscale 
oceanographic features related to the local bathymetry in the PFZ 
north of South Georgia have been reported in earlier studies (Rod-
house et al., 1996; Trathan et aI., 1997), particularly for the region 
situated over the northern end of the North-east Georgia Rise and 
near to the gap in the Falkland Ridge. In this region, the warm-core 
eddy described in this study appears to be a recurrent and tempo-
rally stable feature. 
King Penguins feed mainly on myctophid fish (WilIiams, 1995; 
Bost et aI., 1997, 2002; Olsson and North, 1997; Cherel et aI., 2002) 
and therefore their foraging strategies are likely to be strongly re-
lated to the biogeography of these prey. In the Atlantic sector of the 
Southern Ocean, myctophid fish are highly abundant in the frontal 
regions of the PFZ, though their biomass decreases farther south 
(Pakhomov et aI., 1994). Rodhouse et al. (1996) suggest that the 
mesoscale distribution of myctophids may be related to frontal 
systems and particularly to warm-core eddies which may therefore 
constitute reliable foraging regions for myctophid predators. Birds 
in this study appeared to target regions in the PFZ where they had 
a high probability of encountering mesoscale oceanographic fea-
tures that provide zones of elevated biological productivity (Tho-
mas and Emery, 1988) and a high probability of prey encounter 
with the best foraging success in terms of CPUE (catch per unit ef-
fort) despite the remoteness of this foraging area. The importance 
of warm-core eddies as foraging regions for King Penguins is cer-
tainly supported by 8 of the 11 birds tracked in this study, as their 
initial foraging focus coincided with the mesoscale eddy described 
above or regions close to its eastern edge. 
Direct trips concentrated on one limited foraging area after the 
direct outwards travel period, presumably as a consequence of a 
successful search for dense and stable prey patches in the first re-
gion explored. Regions with adequate prey resources to allow this 
foraging strategy were located at the edge of certain mesoscale 
oceanographic features ; either the warm-core eddy in the PFZ or 
the strong thermal gradients within or on the limits of the PFZ. 
Such precisely oriented foraging to the edge of eddies has been re-
ported for Grey-headed Albatrosses (Thalassarche chrysostoma) in 
the Southern Indian Ocean (Nel et aI., 2001) and at South Georgia 
(Rodhouse et al., 1996). Birds targeting one very limited foraging 
area (birds 02, 16 and 17) showed a similar FPT pattern, with 
one clear ARS hotspot between the outwards and inwards travel 
period and a low first passage time (FPT) variance peak. This could 
be the result of a direct encounter with dense prey aggregations in 
the border region of the eddy due to small-scale oceanographic 
features in this boundary that would only require a low search ef-
fort in a very limited area. Direct trips with a search effort over a 
broader area (birds 14 and 15) showed several ARS hotspots and 
higher peaks in FPT variance. This could be the result of dense 
but more dispersed prey patches in the foraging area, which en-
abled birds to execute ARS on small scales once a prey patch was 
found, but meant birds subsequently needed to locate other prey 
patches. The high FPT variance peak indicates that search effort 
had to be more intense than that during the three other direct trips 
with only one ARS hots pot. Bird 14 foraged towards the north-west 
of the study area where colder, fresher waters from the Scotia Sea 
originating southeast of South Georgia mixed with warmer, more 
saline waters originating from the Scotia Sea west of South Georgia 
(Trathan et aI., 1997). This results in a highly dynamic area with 
small-scale oceanographic features and strong temporal and spa-
tial variability (Trathan et aI., 1997), which is likely to support high 
biological productivity ot/er an extended area. The meander in the 
foraging pathway at the north-western end of this trip and several 
ARS hotspots over the course of the trip could indicate that possi-
. d with 
bly spatially and temporally less stable prey were aSSOCiate the 
small-scale oceanographic features (Fauchald et aI., 2000) over 
entire area. ere 
Circular trips with travel along temperature gradientS :ere 
potentially the result of the encounter of prey resources that .thiO 
insufficient for efficient foraging in the first regions targeted ~I triP 
the PFZ. Trip form and various ARS hots pots over the v:'ho etriPS 
duration with lower maximum passage times than for direct hile 
indicate that these birds had to search constantly for. prey ~ari' 
moving along temperature gradients. The differences In FpT birds 
ance maximum values and spatial scales may indicate thatdetec' 
utilised different search efforts at different scales for prey ath' 
tion: a larger-scale search to locate prey patches along their ~cea 
way, and a search effort at a smaller scale in a restricted area °orth' 
dense prey patch was found. Four birds showed a direct °ssiog 
wards trajectory towards the warm-core eddy in the PFZ croy oot 
the eddy at its centre. Within the eddy the conditions rna coo' 
be favourable for efficient foraging (see Section 4.2) and blrd~ieors 
tinued heading towards regions of strong temperature gra 
after several hours. . eS iO 
Some of the birds showed characteristics of both trIP .tYP
s 
rriP 
either trip form or FPT pattern. There were two main obVIOUaoritY 
forms with direct and circular trips identifiable with the ~ vioUr 
and resolution of our data; however, it is possible that be ~ce of 
can show intermediate forms, presumably as a conseque otered 
spontaneous individual adaptations to conditions enco~aviOur 
during the trip. Due to the resolution of our ARGOS data, be et al., 
at scales of less than 15 km was smoothed (see Trathan which 
2008). ARS in this study appeared at scales of r = 2-1.0 k~'t scaleS 
makes statements about search behaviour of tracked birds behav' 
less than this, speculative. In this study, we highlight sorne re pre' 
ioural tendencies of King Penguin foraging strategy, but rno 8) aod 
cise tracking data with GPS loggers (see Trathan et al:, 20?nsighlS 
data on feeding activity are needed to get more de~alled \e pre-
into King Penguin foraging behaviour and to identify . rno J1lenrai 
cisely the feeding regions and correlations with envlron 
conditions. ge aod 
Circular trips had a significantly greater foraging ra:ere ",as 
reached more distant waters than direct trips, whereas ~ iJ1lPlies 
no significant difference in trip duration (Table 1). Thl~ h could 
greater surface speeds over the whole trip (Table 1), whlCpeosare 
result in the need for higher prey ingestion rates to corn (FrOZel 
for the higher energy costs associated with travel~lng stra!e~ 
et aI., 2004). It is plausible that the favoured foraging .se eoel 
would target the nearest foraging areas in order to ~inlrn~ooselo 
getic costs, but that birds must modify this strategy 10 ~es J1laY \)f 
conditions encountered, even though such a modification 
less efficient in terms of energy costs. l1eadio$ 
Changes in the patterns of movement from a direct .ng alea: 
while travelling to a more erratic movement in the foragl aod I~ 
may be related to the rate of encounter of prey patche~aucl1al : 
creased search effort in a restricted area at a small scale ( .ng albad 1999). Such behaviour has already been reported for fora;~ pioaul 
trosses (Weimerskirch et aI., 1997; Weimerskirch, 200 Id eta .; 
and Weimerskirch, 2005), murres and petrels (Fauch~eore!lca 
2000; Fauchald and Tveraa, 2003), and corresponds t~ t l1eter~g~ 
predictions of animal movements during foraging In behaVlouf 
neous environments (Fauchald, 1999). This change .1O pl1aseS on 
is particularly obvious between the travel and for~glng haOges~ 
direct trips. However, it is also plausible that sirOllar / r foragl le 
behaviour occur on circular trips as has been reported of avail~_ 
albatrosses (Weimerskirch, 2007), but due to the scale °ot de! .rJ1 
ARGOS data, the smaller-scale foraging hots pots were n·our "'Jc~ 
able. Weimerskirch (2007) describes analogouS beha~:11 a (1Iu r} 
two different trip types for foraging albatrosses, ~ut w13% direc higher proportion of direct trips than circular tnpS (9 
lith 
the 
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~~ may be due to the lower travelling speed of penguins (Lovvorn 
iO llggms, 2002) compared to flying seabirds that may allow fly-
big seabirds to explore a much greater foraging area for a direct 
d/ type than penguins. Therefore, penguins may be highly de pen-
an~t on smaller-scale oceanographic structures that are less stable 
lOoopredl~table in temporal and spatial terms (Fauchald et aI., 
Pen )'. WhICh may explain the lower percentage of direct trips in 
IgUlns foraging behaviour compared to flying sea birds. 
tive\has ~Iready been suggested that King Penguins have alterna-
aOd ~ragmg strategies in relation to the sea surface temperature 
tati t at frontal zones play a major role in the non-random exploi-
199~~ of ~he oceanographic habitat by King Penguins (Bost et aI., 
l007i Gumet et aI., 1997; Charrassin and Bost, 2001; COttE~ et aI., 
Pact and other seabirds (Hull et aI., 1997; Weimerskirch, 2007). 
Stud?rs determining their trip orientation remain unclear. Other 
thei les have already shown that the breeding status of birds affects 
et a~ tnp dUration (Guinet et al.. 1997) and trip type Uouventin 
(1997 1994; Hull et aI., 1997; Nel et al.. 2001 ). Guinet et al. 
tr.
vel) repOrted that incubating King Penguins did not necessarily ~'5 .c as far as they could. but rather remained in areas with SST of 
Study' Which may correspond to the direct trips found in this 
&\tins ' Hull et al. (1997) distinguished two trip types for Royal Pen-
trips (Eudyptes schlege/i) foraging from Macquarie Island: direct 
!rips W~re associated with predictable marine resources, circular 
ientj With feeding on less predictable and patchy resources. Jou-
rorag~ et al. (1994) distinguished two trip types for King Penguins 
'liith g from the Crozet Islands : long direct tnps were associated 
Short predicable marine resources in the Polar Frontal Zone. and 
reSOu
er 
circular trips with feeding on less predictable and patchy 
Chick;ees. However, these latter trips were for birds with hatched 
artet . At South Georgia, birds also undertake such shorter trips 
StUdyeggS hatch (Trathan, pers. obs.). The results of the current 
SOUte correspond to direct trips exploiting more predictable re-
the tt~S as described by Jouventin et al. (1994) but in this study 
the t/s Were not confounded by breeding status, rather they are 
aOd Pr SUit of individual adaptations to oceanographic conditions 
. .4.11 ? dlstnbution encountered during the trip. 
dlteetj nps except one direct trip were undertaken in a clockwise 
that fO~ln; this pattern is particularly obvious in the circular trips 
'liatds Ow the currents to the east of the eddy and then the west-
the no~urrent. between 48°S and 49°S along the frontal zones on C'tetha~ern lImits of the PFZ (Trathan et aI., 1997). This may indi-
nOfllie birds are able to use oceanographic currents for more eco-
SPeCies travelling, which has already been proposed for other ~thes (Randall et aI., 1981; Hull et al., 1997) and King Penguins 
haYioOUthern Indian Ocean (Cotte et al.. 2007 ). Furthermore, this 
~ell as t~r Confi~ms the predictability of oceanographic features as 
Y bitds : predictability of potential prey in specific areas targeted 
Smg the currents 
~ . ~ O· ~. IVin . 
Ilte Of d g behaVIOur in relation to SST. oceanographic features and 
ay, and correlation with ARS behaviour 
ll ' . in lYing b . 
rq&\vate ehavlOur showed a clear relationship with both chang-
s 'tked ~.remperature and time of day. In general, birds showed a 
Il1tdies IUrnal diving pattern. supporting previous reports from 
.998, (lijOt King Penguins at other breeding sites (PUtz et aI., 
end the p Z and Cherel, 2005; Bost et al.. 2002 ). Changes in SST 
tince on :e~ence of oceanographic features had an important influ-
pan Of ad anatl~n in this diurnal pattern. This is probably a reflec-
p~ey dist:~tatlOns in diving behaviour to different prey types and 
'n tthetlll I UtlOns associated with these oceanographic features. 
h' It fitst ;re there was a correlation between search behaviour b'~hlight assage time with diving behaviour. This study therefore 
e ayiou~ the correlation of general and specific changes in diving 
With time of day. SST and the encounter of oceano-
graphic feature s as well as the correlations of search and diving 
behaviour. 
4.2.1. Travel phase in 2-4 °C waters 
All birds showed a direct and constant course heading while in 
the 2-4 °C Antarctic Zone waters south of the PFZ. Birds travelling 
between the colony and their preferred foraging regions in the PFZ 
needed to provide maximal food ingestion, which resulted in in-
tense travel and foraging activity over the entire 24 h period, with 
elevated surface speeds and only short surface intervals for physi-
ological recovery (Kooyman and Ponganis, 1990). During the night. 
foraging dives never exceeded 50-m depth and foraging activity 
was reduced compared to daylight and twilight periods. Several 
studies have suggested that the much reduced foraging activity 
with decreased dive depth and duration during night-time could 
be a result of the fact that visually guided King Penguins mostly fail 
to detect and catch prey at night due to insufficient light levels 
(Wilson et al.. 1993 ; PUtz et aI., 1998; Bost et aI., 2002) and the in-
creased dispersal of myctophid fish during night (Perissinotto and 
McQuaid, 1992; Pakhomov et aI., 1996). In the cold 2-4 °C Antarc-
tic Zone waters however, it may be that birds must dive under 
these suboptimal foraging conditions at night-time to provide 
maximal food ingestion after the long starvation period on land 
prior to egg laying (Williams, 1995) when foraging during the 
day was not sufficient, either because of higher energy needs or be-
cause prey distributions were not adequate to support exclusive 
daylight foraging. 
The main foraging activity of all birds was during the daylight 
period, though diving behaviour showed some differences between 
direct and circular trips. High foraging activity during daylight 
hours has already been reported in other studies (PUtz et aI., 
1998, PUtz and Cherel, 2005) and is potentially associated with 
the fact that the maximal ambient light level around midday al-
lows the birds to detect their prey at even greater depths. In waters 
of2-4 0c, direct trips showed maximum foraging dive activity, dive 
depth and dive duration during the twilight hours, which may indi-
cate that these birds did not follow their prey until its maximum 
depth around midday, but could concentrate their foraging effort 
during twilight hours when prey is more available due to its verti-
cal migration (PUtz et aI., 1998; Bost et aI., 2002 ). In circular trips, 
the maximum dive depth and dive duration around midday indi-
cates that prey was followed until its maximum depth. Some of 
the observed differences in diving behaviour between direct and 
circular trips in 2-4 °C waters could be due to the fact that TOR 
recordings for circular trips were only available for the outward 
paths and not for the return journey to the colony, whereas most 
direct trips (all except one) had complete TOR recordings over 
the entire trip. It may be that different foraging behaviour occurs 
on outward and return journeys, with higher surface speed, gener-
ally higher foraging activity and prey pursuit to maximum depths 
at midday on the outwards journey as a result of the high energy 
needs and demands for prey after the colony leave. On return jour-
neys, prey ingestion may occur only to maximise energy resources 
and provide for chick provisioning, therefore foragi ng behaviour 
could potentially be more selective and focus on more favourable 
foraging periods during twilight and periods of vertical migration 
of prey (PUtz et aI., 1998; Bost et aI., 2002 ). 
4.2.2. Foraging phase in waters >4 °C 
In waters of 4-5 °C, birds reduced their intense travel activity 
and appeared to search for dense prey patches located close to 
the mesoscale features encountered in these areas. Depending on 
the foraging success within a given time period, birds may con-
tinue in a direct or circular trip. Conditions for dense and spatially 
stable prey patches may be encountered on the outside of eddies 
(Nel et aI., 2001 ). Direct trips targeting such areas may be able to 
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exploit these prey patches and stay in the same area during the 
whole foraging phase. Surface speeds decreased when birds were 
mainly undertaking foraging dives; travelling dives potentially 
were only undertaken to move between small-scale features in this 
mesoscale area or to follow movements of prey patches (Fauchald, 
1999). Due to the apparent stability and density of some patches, 
birds could focus their foraging on the dawn period when prey 
was most accessible (Bost et aI., 2002). In terms of optimal foraging 
periods during the day and minimal energy costs due to travel and 
search, direct trips would seem to be an optimal foraging strategy 
for King Penguins in this at:ea. 
In waters of 4-5 °C, birds on a circular trip passed across the 
centre of the eddy. Given the elevated SST in the eddy, thermo-
clines would be inclined downwards and would increase the pre-
ferred depth of the targeted prey (Brandt. 1981; Glorioso et aI., 
2005 ). Maximum dive depth and duration around midday indi-
cated that prey was targeted over the whole day and followed to 
its maximum depths. This behaviour is potentially a result of prey 
patches that may not be sufficiently dense or spatially stable to en-
able maximal foraging effort during twilight hours when prey is lo-
cated at shallower depths (Piitz et al.. 1998; Bost et aI., 2002), or of 
fish communities in the eddy that differ from communities 
encountered on the edges (Brandt, 1981 , 1983). Foraging on these 
prey is potentially too difficult or not efficient enough to focus ef-
fort in this area. Thus, birds only spent a short time undertaking 
this intense foraging behaviour within the eddy. Diving behaviour 
in the middle of the eddy showed significant differences to diving 
in areas outside of the eddy, but horizontal movements of the ani-
mals did not show elevated FPT and increased search effort. This 
could indicate that King Penguins would rather use vertical move-
ments for prey patch detection than horizontal movements. Once a 
prey patch is located, diving behaviour as well as horizontal sur-
face movement alters in order to exploit the prey source in the 
most efficient manner. When birds were unable to encounter 
favourable conditions for efficient and precisely oriented foraging 
in waters of 4-5 °C, they continued heading towards regions of 
strong temperature gradients on the northern limit of the PFZ, 
where prey patches may be more frequent (Thomas and Emery, 
1988). Unfortunately. our TDR recording stopped for all circular 
t rips shortly after having reached these zones of strong tempera-
ture gradient. As a result, we have only a few observations on div-
ing behaviour in these waters. All recorded dives showed a strong 
bimodal distribution for dive frequency, dive depth and dive dura-
tion, which indicated a clear concentration of foraging activity at 
the twilight periods. Twilight dives were deeper and longer in 
duration in waters >6 °C and may be the result of following prey 
into their preferential temperature envelope to deeper waters. This 
may be particularly the case due to increases in the upper water 
column where warmer northern waters flow above PFZ waters 
(Gordon et aI., 1977; Arhan et aI., 2002 ). Prey are outside of the div-
ing range when myctophids reach their deepest point at midday 
therefore foraging has to be concentrated in twilight hours. Despite 
this restriction, prey patches appear to be concentrated and suffi-
ciently stable so as to provide adequate resources for King Pen-
guins. However, there are only a few of records for these high 
SST areas and it is not possible to draw extensive conclusions on 
the birds behaviour. 
The number of reversals may be an indicator of the intensity of 
foraging activity, especially if it is combined with a strong prey 
search activity in the water column (Simeone and Wilson, 2003; 
Takahashi et al.. 2004). A large number of reversals during one dive 
allows an intense exploration of the water column with a higher 
chance of prey detection due to the greater volume of water 
searched. Bost et al. (2007) suggested a strong relationship be-
tween the number of ingested prey and the number of reversals 
during one dive where King Penguins were feeding on fast-moving 
. . diea-
prey, which makes the number of reversals an appropriate In salS 
tor for feeding activity. [n this study, the number of rever di-
showed maxima in the twilight periods (Table 4). which may I~od 
cate an intense prey search and foraging activity in this period, oa-
confirms the importance of twilight hours for foraging. Alterose 
tively, the elevated number of reversals may constitute a respo ore 
to a more dispersed prey field during twilight hours, and thU~ roadY 
movements are necessary to catch dispersed prey. This has a .ren of been suggested by Piitz and Cherel (2005) with an asso~iatl°wit~ 
W-dives (undulations occurring during the bottom period) il11a 
foraging on dispersed prey in twilight hours. More focused m~ows 
in direct trips may confirm the hypothesis that this trip type a preY 
a more concentrated foraging activity on twilight hours when ees-
is more accessible; in circular trips, a longer search effort is ne 
sary to detect more dispersed and less stable prey patches. tS in-
The number of foraging dives executed within ARS hO~Spo aters 
creased with decreasing latitude and shows its maximum I.n ;posi-
between 500 S and 52°S, which corresponds to the geographiC tside 
tion of the PFZ. At the same time the foraging dives executedo~ieate 
of ARS hotspots decreased strongly in these areas. This may In ' t~ an 
a more focused foraging behaviour within the PFZ waters, ~Iit r~e 
adjustment of horizontal and vertical foraging effort t~ eXP ~ypro­
environment in a more efficient way. This pattern is partlc~l~r could 
nounced for direct trips, which may indicate that these blf/reoee5 
undertake a focused foraging effort on a limited area. ~If:eate a 
in dive parameters within and outside ARS hotspots In lroeors. 
change of diving behaviour with a change in surface move w~en 
This is especially obvious for birds undertaking direct trlP~eters, 
changing from travelling to foraging behaviour. All div~ para ees for 
except the number of reversals, showed significant dlfferenR5 ~or' 
direct trips. Deeper and longer foraging dives within the A etivirY 
spots with high values for bottom duration and bott0"2 a et al. 
may reflect intense foraging activity in these areas. Puttfrnore 
(2006) suggest that longer bottom times may be the .result Dears rO 
predictable prey distributions at greater depths, wh~ch. a~R5 ~or' 
coincide with our results of the diving behaviour wlth.ln he nuf11' 
spots. Higher bottom activity but no significant change !O t ed preY 
ber of reversals may indicate foraging on more concentrat 
patches with less reversals needed for prey capture. 
5. Conclusion 
. g pen' 
The importance of the PFZ as a key foraging area for ~: earlier 
guins and other marine predators has been recognised ~94; post 
studies in the Southern Indian Ocean Uouventin et aI.. l .. 
tt 
et ai" 
et aI., 1997; Guinet et aI., 1997; Hull et aI., 1997; PilhiS stud~ 
1998; Charrassin and Bost, 2001; Bailleul et aI., 2007). T[(ng pen 
confirms the importance of this oceanographic area fo~ Ifeature~ 
guins breeding at South Georgia. Here, oceanographiC irnpor 
such as frontal systems and eddies also appear t~ play a~ators a; 
tant role in the foraging behaviour of these marine P~;;)1 ; cott, 
it does in the southern Indian Ocean (Nel et aI., 2 their for, 
et aI., 2007). [t is probable that King Penguins concentrate Ograp~l, t 
aging search activity in parts of the ocean where ocea~o e"pIO~ 
features provide predictable feeding resources. [n order inS s~e r 
the marine environment in an optimal way, King p~ng~el1avlo~, 
to use area restricted search and adjust their foraging. to t/le 5 
upon conditions encountered. To gain greater inSightS , I~ data a 
ner-scale foraging behaviour, higher resolution trackln 
well as feeding data are needed. 
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Frontal zones, temperature gradient and depth 
characterize the foraging habitat of king penguins at 
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ABSTRACT: Investigating the responses of marine predators to oceanographic structures is of key 
importance for understanding their foraging behaviour and reproductive success. Using Global 
Positioning System (GPS) and Time -Depth-Temperature -Recorder (TDR) tags, we investigated 
how king penguins breeding at South Georgia explore their foraging area over the summer sea-
son in both the horizontal and vertical dimensions . We determined how horizontal habitat use may 
relate to diffe rent Antarctic Circumpolar Current (ACC) frontal zones and associated thermal 
structuring of the water column. To study the penguins' use of the water column, we examined for-
aging niches defined by temperature, temperature gradient and depth, and explored the impor-
tance of these thermal properties for prey pursuit. King penguins foraged within the Polar Front 
(PF) and its southern edges during incubation, and the Antarctic Zone (AAZ) and Southern ACC 
Front (SACCF) during brooding. Foraging niches became more distinct with the advancing sum-
mer season, defined by strong the rmal gradients at shallow depths in the AAZ, and weak gradi-
ents at greater depths in the SACCF. These niches indicate foraging in the sub-thermocline 
Winter Water (WW) in the AAZ, and in deep WW and Circumpolar Deep Water (CDW) at the 
SACCF. The influence of different ACC frontal zones in the area to the north of South Georgia 
appears to provide for a horizontally and vertically segregated environment. The presence of 
optional foraging areas and niches close to the colony clearly play an important role in these king 
penguins' foraging success. 
KEY WORDS: Aptenodytes patagonicus . Hydrological structure . Antarctic Circumpolar 
Current· Temperature gradient· Foraging niche' Seabird 
-------------------
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INTRODUCTION 
The behaviour and distribution of marine predators 
are ti generally thought to be de te rmined by the loca-
on of their prey, but influenced by specific time and 
energy constraints. Prey distribution is strongly influ-
~ced by the structure of the marine environment 
Ph W~n 1981, Franks 1992), which is determined by 
at YSlcal properties such as temperature and temper-
n Ure gradient. They govern the concentration of 
w~trien.ts in the water column (Lima et al. 2002), 
ch In turn influence the distribution and abun-
'I:rnau : annhef@bas.ac .uk 
dance of planktonic organisms and, hence, higher 
trophic levels including the prey of apex predators 
(Owen 1981 , Lutjeharms 1985, Schneider 1990) . Sur-
face features such as oceanographic fronts arise from 
where different water masses meet (Schneider 1990), 
and are, therefore, locations where different habitats 
as well as strong physical gradients occur in a spa-
tially restricted area. Such a hete rogeneous environ-
m ent may be crucial for the existence of distinct for-
aging niches for predators. 
King penguins are one of the most important avian 
consumers in the Southern Ocean (Woehler 1995) . 
© In ter-Research 2012 . www.int-res.com 
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They feed mainly on myctophids (Cherel & Ridoux 
1992, Olsson & North 1997), mesopelagic fish that are 
generally associated with particular water masses or 
temperature ranges (Hulley 1981, Kozlov et al. 1991, 
Collins et al. 2012, Fielding et al. 2012), as well as 
with fronts and related oceanographic features 
(Brandt et al. 1981, Kozlov et al. 1991, Pakhomov et 
al. 1996, Rodhouse et al. 1996). Among diving birds, 
king penguins are able to forage at depths of over 300 
m (Charrassin et al. 2002), and are known to use ther-
mal discontinuities for foraging (Charrassin & Bost 
2001) . However, we still have little detailed under-
standing about how these predators may explore the 
thermal structure of the water column in different 
marine environments, and how habitat use may be 
adjusted depending upon changing constraints . 
King penguins experience changing time and 
energy constraints over the summer breeding season 
(Charrassin et al. 2002, Halsey et al. 2010) . During 
incubation (December to February), each parent 
alternately incubates and then returns to sea to 
restore its body reserves in 2 to 3 wk long foraging 
trips (Bost et al. 1997). After hatching, chick rearing 
(February to March) causes increased energy de-
mand since the chick must be provisioned regularly 
(Charrassin et al. 1998). It is likely that changes in 
foraging behaviour reflect how these predators ac-
cess the most profitable oceanographic structures ac-
cording to their time and energy constraints . In this 
context, the thermal structuring of the foraging area 
and the presence of different foraging niches may 
play an important role (Charrassin & Bost 2001). 
South Georgia is situated within the Antarctic Cir-
cumpolar Current (ACC), the most pronounced fea-
ture of the Southern Ocean circulation (Rintoul et al. 
2001) . It includes 3 major deep-reaching fronts, from 
north to south, the SubAntarctic Front (SAF) , the 
Polar Front (PF) and the southern ACC Front 
(SACCF) (Orsi et al. 1995) . The PF is an important 
foraging area for incubating king penguins at South 
Georgia (Trathan et al. 2008, Scheffer et al. 2010) . 
However, there is no information on how changing 
breeding constraints may affect foraging behaviour, 
and how this may relate to local oceanography. For 
king penguins, foraging areas close to the SACCF 
have not yet been considered, despite the key role of 
this front for the Scotia Sea ecosystem (Thorpe et al. 
2002, 2004, Ward et al. 2002, Murphy et al. 2004) and 
its close proximity to the breeding colonies at South 
Georgia . We know very little about features in the 
vertical dimension that may restrict efficient foraging 
for diving predators such as king penguins, or how 
this may relate t~ any changing constraints for these 
birds. Identifying such features and their association 
with different oceanographic areas may increase our 
understanding of how horizontal habitat use by div-
ing predators is related to their exploration of the 
water column. This may be of importance in the con-
text of environmental change, and any future poten-
tial effects on king penguin populations (Le Bohec et 
al. 2008, Forcada & Trathan 2009, Peron et al. 2012). 
We investigated how king penguins breeding at 
South Georgia explore their available foraging area 
over the summer season in the horizontal and vertical 
dimensions . Using a combination of Global position-
ing System (GPS) tracking and time-depth-tempera-
ture recorders (TDR), we addressed the question of 
how horizontal habitat use may relate to different 
ACC frontal zones and associated thermal structur-
ing of the water column, and how diving behaviour, 
presumably targeting particular niches in the water 
column, changed accordingly. The results are dis-
cussed in the context of environmental variability 
and the potential vulnerability of diving predators 
such as king penguins to future environmental 
change. 
MATERIALS AND METHODS 
Study area, study period and device deployments 
The study was conducted at the Hound Bay king 
penguin breeding colony on the northeast coast of 
South Georgia (54 .23 0 S, 36.15 0 W) during the austral 
summers of 2005 to 2006 and 2006 to 2007. In total. 
17 adult breeding king penguins were tagged: (1) 
during incubation in December 2005 to January 2006 
(Early Incubation, n = 4, female), (2) during late incu-
bation in January to February 2007 (Late Incubation, 
n = 4, unknown sex) and (3) during brooding (n == g, 
unknown sex). Brooding birds were subSequentl~ 
distinguished into Brooding I and Brooding Il baSe 
on behaviour (see 'Results'). 
The horizontal movements of penguinS were 
tracked by Track-Tag GPS loggers (Navsys; further 
details of Track-Tag are available at www.navsy~ 
cornJProducts/tracktag.htm), which require only 6 d 
ms to store raw GPS data. Devices were prograrnrne 
to record positions at 60 s intervals and were 
equipped with a saltwater switch to delay acquisiti.O~ 
while birds were under water. Loggers, with battened 
and housing, weighed 55 g « 0.5 % of body mass) an 
eC-measured 35 x 100 x 15 mm «0.7 % of the cross s 
tional area of the body). Diving behaviour was 
·ce5 
recorded by TDR (Wildlife Computers) . TDR deVl 
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Were programmed to record depth and water temper-
ature at 1 s inte rvals when wet. Recordings during 
Surface periods were halted by a saltwater switch and 
resumed when the bird restarted diving. The resolu-
tion of depth recordings was 0.5 m. TDRs weighed 
30 g «0.25 % of body mass) and measured 15 x 100 x 
15 mm (Mk9) and 10 x 90 x 20 mm (Mk7) «0.5 % of 
the cross sectional area of the body). Of the 17 pen-
gUins equipped with GPS devices, 13 of them had 
Mk9 TDR with external fast-responding temperature 
sensors, 2 had Mk7 TDR and 2 were without TDR de-
Vices. Devices were attached using methods modified 
from Wilson et al. 1997. All devices were recovered 
after a single foraging trip (varying between 5 and 
23 d) . In 2007, all tracked birds were weighed before 
leaVing for sea and after their return to land to deter-
mine body mass gain during the foraging trips. 
Oceanography of the study area 
South Georgia is a sub-Antarctic island situated 
Within the path of the ACC, with the PF to the north 
and the SACCF close to the island (Fig. 1). In contrast 
to most other king penguin breeding colonies which 
dre located north of the PF (Bost et al. 2009), South 
Georgia is situated south of the PF. The PF is com-
rnonly defined as the location where cold Antarctic 






waters (Deacon 1933), corresponding to the northern-
most extent of the subsurface temperature minimum, 
< 2°C near 200 m depth (Belkin & Gordon 1996). The 
flow regime close to South Georgia is dominated by 
the SACCF, which loops anticyclonic ally around the 
South Georgia peri-insular shelf before retroflecting 
north of the island (Orsi et al. 1995, Thorpe et al. 2002, 
Meredith et al. 2003) at _36° W. The SACCF flow is 
rich in nutrients (Ward et al. 2002), and hosts high 
biomass of zooplankton (Murphy et al. 2004). The 
Antarctic Zone (AAZ) is situated between the PF and 
the SACCF; it is characterized by the meeting of cold 
Antarctic waters and warmer surface waters from the 
PF. A complex eddy field has been described in the 
AAZ north of South Georgia as well as a warm-core 
anticyclonic circulation at around 52° S, 35° W (Mere-
dith et al. 2003). Recent definitions of ACC fronts and 
zones in terms of Sea Surface Height (SSH) allow the 
identification of such features from altimetry data 
(Sokolov & Rintoul 2009, Venables et al. 2012), and 
the assignation of specific thermal profiles to frontal 
zones (Venables et al. 2012) . In the Scotia Sea, the 
vertical structure of the water column includes the 
Surface Mixed Layer (SML), and the underlying cold 
Winter Waters (WW) originating from the previous 
winter mixed layer. The SML and WW are separated 
by a thermocline, a strong vertical temperature gradi-
ent of variable extent and intensity. Below the WW 
layer (from -250 to 300 m), temperatures rise towards 
2°C, characterizing the Circum-




u1g. 1. South Georgia and the Antarctic Circurnpolar Current (ACC) frontal posi-
~ns in the Scotia Sea. Fronts: thick grey lines; 500 m and 1000 m isobaths : dark 
9 ey. Frontal positions from Orsi e t al. (1995). SAF: Sub-Anta rctic Front; PF: Polar 
Front; SACCF: Southern ACC Front; SB: Southern ACC Boundary 
Changes in SSH encountered by 
the penguins over their foraging 
trips were analyzed using Aviso 
(www.aviso.oceanobs.com) abso-
lute dynamic topography (ADT) 
data. We used Near-real time 
(NRT) data available at a higher 
temporal resolution than the de-
layed time (DT) products. Data 
were available at a spatial resolu-
tion of 1/3° x 1/30 and a biweekly 
temporal resolution. SSH values at 
each dive location were estimated 
by searching for the geograph-
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Vertical temperature data 
Vertical temperature values were obtained from 
the external Mk9 sensor data after applying appro-
priate temperature correction factors from the device 
calibration data sheets (Wildlife Computers). Mk7 
temperature data were not used due to long response 
times of the internai temperature sensors. Mk9 tem-
perature sensors provide high quality data (accuracy 
O.l °C ± 0.05°C, Simmons et al. 2009), and were, 
therefore, used for determining the properties of the 
water column encountered during the penguins' 
dives . To compensate for the surface heating effect by 
direct sun exposure and penguin body temperature 
on the temperature sensors (McCafferty et a1. 2007), 
temperature values collected between 0 and 10 m 
were replaced by the value measured at 10 m depth 
during the ascent. The vertical water temperature 
gradient for each recorded depth point was also cal-
culated; this was estimated as the temperature differ-
ence between 25 m above and 25 m below the given 
depth point. Temperature gradients near to the depth 
extremes of a dive were calculated using the maximal 
depth range possible (limited by the surface for points 
< 25 m depth, and by the maximal dive depth for 
points >max. depth 25 m) . The resulting possible bias 
in gradient values may only affect the depth range 
between the maximum depth range of a dive and 
25 m above, as dives < 50 m were not considered for 
analyses of foraging behaviour (see Data analysis). A 
temperature gradient of 1 thus corresponds to a tem-
perature increase of 1°C per 50 m depth, -1 to a tem-
perature decrease of 1 °C per 50 m. 
Data analysis 
Data analyses were performed using Matlab 
(MathWorks) and the custom-made software Multi-
Trace (Jensen software systems) . 
Analysis of surface and diving behaviour 
GPS data were filtered to remove positions with 
navigation class> 2, where class categories were 0: 
good, 1: altitude aided, 2: marginal position dilution 
of precision, and 3: bad. For each bird, we calculated 
trip duration, distance covered, max. distance from 
the colony and the furthest latitude south reached. 
Exact departure and return times from and to the 
island were determined from the TDR data . A forag -
ing zone coeffici~nt (FZC) was calculated as the total 
trip length (km) divided by the max. distance from 
the colony (km) (modified from Guinet et a1. 1997, 
Hull et al. 1997). indicating the degree of directness 
or looping of a foraging trip . 
A zero offset correction was applied on the dive 
data. Only dives> 50 m depth were used for analysis, 
as they were considered to represent the majority of 
king penguins foraging dives (Piitz et a1. 1998, Char-
rassin et a1. 2002). Diving behaviour was analysed by 
calculating the following dive parameters : dive 
depth, dive duration, bottom duration (the time 
between the first and last wiggle or dive step deeper 
than 75 % of the maximum dive depth, following 
Halsey et a1. 2007), the number of wiggles (devia-
tions > 1 m of depth with an absolute vertical instant 
> 0) as a proxy of feeding success (Bost et a1. 2007) 
and broadness index (bottom duration:dive duration, 
indicating the proportion of a dive used for the bot-
tom period, see Halsey et a1. 2007 for more details). 
Furthermore, we determined the total vertical diS-
tance travelled per day, the dive frequency, the per-
centage of submerged time compared to the total 
time at sea, and the percentage of submerged time 
spent at depths> 150 m as proxies of foraging effort. 
As king penguins are visual feeders and essentiallY 
forage during the daylight and twilight hours (Bost et 
a1. 2002), night dives were excluded from the analy-
ses. Exact sunrise and sunset times were calculated 
as described in Scheffer et a1. 2010. Geographical 
coordinates at the start of each dive were interpo-
lated based on time from the GPS data, assuming 
straight line travel and constant speed between 2 
location points (Weavers 1992). . d 
Principal Component Analysis (PCA) was carne 
out on 15 variables characterizing foraging behavio~ 
(surface movements and diving behaviour, see Table 
for the complete listing of all PCA variables). allowing 
identification of the main variables accounting f~r ~ 
ferences in foraging behaviour as well as behaVlOur d 
groupings of birds. Dive parameters among groUP~ 
birds were compared using Kruskal-Wallis statiSIJC~ 
as tests for normality failed (Jarque Bera test) an 
transformations did not help the data to conform to We 
normality assumption. When significant differenceS 
. le 
were found among groups, an all pairwise multlP 
ter-
comparison (Dunn's method) was performed to de 
mine the groups that differed from the others. 
Analysis of horizontal and vertical habitat use 
. was 
The horizontal habitat use of king pengUln~ to 
analysed with respect to trip orientation relalJve 
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Table 1. Principal component analysis of the foraging para-
meters. Component loadings of the different variables 
Variable PC1 (75.7 % ) PC2 (21.8 % ) 
Dive depth 0.1717 0.1133 
Dive duration 0.0551 0.0456 
Bottom duration - 0.0868 -0.2066 
No. wiggles/dive - 0.0613 - 0.3846 
Dive frequency - 0.0812 - 0.2237 
% time submerged 0.0498 -0.0957 
% time submerged> 150 m 0.5444 0.3738 
No. wiggles:time submerged - 0.0718 -0.5024 
No. wiggles:bottom duration 0.0217 -0.1862 
Depth range index -0.0336 -0.1832 
Broadness index 
- 0.1306 - 0.2522 





Max. distance from colony - 0.3902 0.1557 
the different ACC fronts. The ACC fronts and zones 
were defined based on SSH signatures following 
Venables et al. (2012) . The penguin's vertical habitat 
use Was analysed with respect to the exploration of 
depth and thermal properties of the water column 
relative to the ACC fronts. We considered the bottom 
~hases of dives, which is thought to be the most 
Irnportant phase for prey capture (Charrassin et al. 
2002, Sirneone & Wilson 2003, Ropert-Coudert et al. 
2006). Kernel density estimations of bottom periods 
ofth . e different foraging groups were computed on 
SSl-I and depth using a Gaussian Kernel. These were 
!hen overlaid on the vertical thermal structure of dif-
2erent ACC frontal zones following Venables et al. 
t~12. This allowed us to analyse the penguins' use of 
e water column with respect to depth and thermal 
struct . D u.res relative to frontal zones. 
etailed use of the water column by the penguins 
whil . t e foragmg was analysed by considering depth, 
bernperature and temperature gradient during the 
o ottorn periods of the dives. Analyses were carried 
o~~ on data with a resolution of 1 Hz. Contour plots 
at ottom periods of dives> 50 m on depth - temper-
Ure gr di d.i a ent and temperature - temperature gra-
Ofe~ axes allowed us to evaluate the penguins' use d.it: e Water column, and to identify the target of 
gr erent water masses by the different foraging 
chouPs. To identify water masses from the water 
aracteri t' . ' 4 l.. S ICS targeted by the pengwns, we defmed 
,vater rn 
tern asses based on water temperature (T) and 
("1' "perature gradient (gradT) : thermocline waters 
- 1.5; gradT < 0), WW in proximity ~25 m of the 
thermocline (T < 1.5; gradT < 0), WW deeper than 
25 m below the thermocline (T < 1.5; gradT ~ 0), 
CDW (T ~ 1.5; gradT ~ 0). 
Wiggles occurrence and influencing factors 
As wiggles are good proxies of prey capture 
attempts in penguins (Takahashi et al. 2004, Bost et 
al. 2007, Hanuise et al. 2010), we examined water 
characteristics where wiggles occurred, with respect 
to temperature and temperature gradient. We used 
logistic regression models to quantify relationships 
between water properties and the occurrence of wig-
gles for individual as well as for grouped birds. For 
the regression models, we included temperature and 
temperature gradient data for dives >50 m depth 
with a temporal resolution of 1 s, after testing for non-
correlation using Pearson's correlation coefficient. 
The predictor of wiggles occurrence was a combina-
tion of the water temperature, the values and the 
absolute values of the temperature gradient, taking 
into account the direction of the gradient as well as 
its intensity. To evaluate model discrimination per-
formances between wiggle presence and absence, 
we used risk score plots (Royston & Altrnan 2010). 
Risk score plots allowed us to graphically compare 
the densities of the risk score (linear predictor) in the 
event and no-event group (occurrence and non-
occurrence of wiggles) . The overlap of the risk score 
densities determined the discrimination performance 
of the model: the larger the overlap, the weaker the 
discrimination. 
RESULTS 
Identification of different foraging groups 
We distinguished 4 foraging groups characterized 
by differences in breeding stage as well as foraging 
characteristics (Fig. 2, Tables 1, 2 & 3). The groups 
were Early Incubation (n = 4), Late Incubation (n = 4) , 
Brooding I (n = 3) and Brooding II (n = 4) . The PCA of 
foraging parameters showed the separation of the 4 
foraging groups, and allowed the identification of the 
main variables accounting for the differences (Fig. 2, 
Table 1). The first principal component was mainly 
explained by the horizontal and vertical distances 
travelled. These variables separated the Brooding II 
from the Incubation groups, with the Brooding I birds 
spread out in between. Brooding II birds were char-
acterized by the shortest horizontal (Table 2) and 
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Fig. 2. Aptenodytes patagonicus. Principal component analysis 
of the foraging parameters in the different foraging groups. 
Component loadings of the variables are listed in Table 1 
longest daily vertical (Table 3) distances travelled. 
The second principal component was mainly loaded 
with variables of underwater foraging behaviour, 
separating the Brooding I birds from the Incubation 
and Brooding II groups. Brooding I birds were char-
acterized by a dominant bottom phase, high wiggle 
numbers and a high dive frequency (Table 3). Brood-
ing II birds showed the deepest and longest dives 
with the shortest bottom periods (Table 3). Broadness 
index was highest for Brooding I birds and lowest for 
Brooding II birds (Table 3) . A main variable influenc-
ing both principal components was the proportion of 
dive time spent at depths > 150 m, separating the 
Brooding II birds from the Incubation and Brooding I 
groups (Fig. 2, Table 1). 
Trip orientation and foraging areas 
All trips were oriented to the north towards the 
SACCF, AAZ and PF waters, with birds of different 
breeding stages targeting different foraging areas 
(Fig. 3) and showing different foraging trip charac-
teristics (Table 2) . Early Incubation birds undertook 
the most extended foraging trips , where increased 
SSH values indicated PF and Polar Frontal zone 
(PFZ) waters. Late Incubation birds targeted areas at 
the southern edge of the PF and in the AAZ. 
Table 2. Aplenodyles palagonicus. Trip parameters for individual birds in the different foraging groups (FZC = foraging zone 
coefficient) 
Bird ID Date of deployment Trip duration Trip length Max. distance Min.OS FZC 
and recovery (d) (km) from colony (km) reached 
-Early Incubation 
8 23.12.2005 - 13.01.2006 19.9 2077 642 49.84 3.2 
9 28.12.2005 - 18.01.2006 19.5 2291 522 49.77 4.4 
10 30.12.2005-17 .01.2006 16.4 1880 520 49.83 3.6 
11 30.12.2005-23.01.2006 23.2 2510 537 49.73 4.7 
Mean± SE 19.7 ± 1.4 2190 ± 136 556 ± 29 49.79 ± 0.03 4.0 ± 0.3 
Late Incubation 
C5 02.02.2007-20 .02 .2007 17.3 1585 435 50.77 3.7 
C7 02 .02.2007-2.02.2007 20.3 1506 409 50.72 3.7 
C9 03 .02.2007-26.02.2007 23 .2 1690 558 51.82 3.0 
C10 03.02.2007-17.02.2007 13.4 1150 445 50.40 2.6 
Mean± SE 18.6 ± 2.1 1483 ± 117 462 ± 33 50.93±0.31 3.2 ± 0.3 
Brooding I 
2.6 H5 09.02.2007-17.02.2007 6.1 610 234 52.55 
H9 (noTDR) ' 12.02.2007- 19.02.2007 6.2 559 227 52.5 2.5 
P3 18.02.2007 - 01 .03.2007 9.1 925 317 51.67 3.1 
P5 18.02 .2007 -28.02.2007 7.0 822 346 51.32 2.9 
Mean ± SE 7.1 ± 0.7 729± 87 281 ± 30 52.01±0.31 2.8 ± 0.1 
Brooding 11 
2.6 H3 09.02.2007-16.02.2007 5.1 491 190 52.98 
H6 (noTDR) 10.02 .2007-16.02 .2007 5.5 490 159 53.04 3.1 
P4 18.02.2007-25 .02.2007 6.0 517 163 53.50 3.2 
PlO 27.02.2007-04.03 .2007 4.8 430 112 53.44 3.9 
T4 28 .02.2007-06.03 .2007 5.5 629 247 52.20 2.4 
Mean±SE 5.4 ± 0.2 512 ± 33 174 ± 22 53.03±0.23 3.0 ± 0.
3 
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Table 3. Aptenodytes patagonicus. Dive parameters for individual birds in the different foraging groups. KW = Kruskal Wallis 
test with p < 0.001. Dunn's test was performed with p < 0.05. The foraging groups show significant differences from others as 
indicated (all: all other foraging groups; Inc: Early & Late Incubation; BI: Brooding I; Bll: Brooding ll). VD = vertical distance 
Bird ID Dive depth Dive Bottom Wiggles Broadness Total VD Total dives % of time sub-
(m) duration (s) duration (s) per dive index (kmd- 1) per day merged> 150 m 
Early Incubation 
8 117.8 246.5 61.6 6.3 0.26 306.5 268.5 2.3 
9 130.2 259.0 73.1 8.0 0.28 306.2 209.4 4.7 
10 129.0 287.4 92.2 9.1 0.32 266.1 171.0 3.5 
11 126.0 260.5 82.6 12.4 0.32 301.8 583.0 3.4 
Mean ± SE 125.7 ± 2.8 263 .3 ± 8.6 77.4 ± 6.6 9.0 ± 1.3 0.30 ± 0.02 295.1±9.7 308.0 ± 93.8 3.5 ± 0.5 
Late Incubation 
C5 134.2 246.8 61.9 10.5 0.25 310.1 412.5 4.1 
C7 128.8 260 .9 73.3 7.4 0.28 315.1 249.7 4.1 
C9 144.1 258.6 54.1 7.1 0.21 297.7 261.3 4.6 
Cl0 122.5 251.4 57.8 5.7 0.23 364.2 361.5 3.1 
Mean ± SE 132.4 ± 4.6 254.4 ± 3.3 61.8±4.1 7.7 ± 1.0 0.24 ± 0 .02 321.8 ± 14.6 321.2 ± 39.4 4.0 ± 0.3 
Brooding I 
B5 145.1 256 .0 70.9 9.7 0.28 434.8 327.3 6.4 
P3 118.0 249.8 96.2 14.6 0.39 317.1 254.2 2.0 
P5 111.3 239.0 81.0 10.4 0.34 333.6 355.4 2.1 
Mean ± SE 124.8 ± 10.3 248.3 ± 4.7 82.7 ± 7.4 11.6 ± 1.5 0.33 ± 0.03 361.8 ± 36.8 312.3 ± 30.2 3.5 ± 1.4 
Brooding II 
B3 163.8 272.2 57.9 8 .8 0.21 432.2 294.2 8.4 
P4 201.9 308.4 52.1 6.5 0.17 377.5 249.0 10.8 
PlO 183.4 288 .8 55.5 5.3 0.19 437.6 199.0 12.7 
T4 175.8 294.2 68.1 11.4 0.24 424.9 366.4 9.6 
Mean ± SE 181.2 ± 8.0 290.9 ± 7.5 58.4 ± 3.4 8.0 ± 1.3 0.20 ± 0.01 418 .0 ± 13.8 277 .2 ± 35.5 10.4 ± 0.9 
KW & Dunn's test all BI-Bll BI-Bll 
Brooding birds undertook shorter trips into areas 
SOuth of the PF. Brooding I birds showed highly di-
~ected foraging trips into AAZ waters, indicated by 
bOW FZC :alues. Brooding 11 birds were characterized 
Y less directed foraging trips into the SACCF or its 
northern boundary. 
Vertical habitat use 
~enguinS in the different foraging groups showed 
fering use of the water column in the various ACC 
~ones (Fig. 4). targeting different depths, water tem-
t eratures and temperature gradients during the bot-
b~rn periods of the dives (Fig. 5). Early Incubation 
° lrds foraged in the SACCF, the AAZ, the PF and 
ccasion II . te a y ID PFZ waters, and explored a broad 
rnperature range of -1 to 6°C with temperature gradi ' 
m ents between 0.5 and -3°C per 50 m . The ther-ocli 
w ne and WW appeared to be the most important 
aterm Co asses for bottom times, but there was no clear 
w ~centration of bottom times in specific parts of the 
a er Column. Late Incubation birds foraged in the 
BI Br-Bll Inc-BI&Bll Bll Bll 
SACCF and in the AAZ until the southern edge of the 
PF. Bottom periods were directed into waters of -0.5 
to 2°C and temperature gradients of up to _4°C per 
50 m . Shallow and deep WW were the most targeted 
water masses. Brooding I birds showed highly fo-
cused targeting of shallow waters of strong thermal 
gradients in the AAZ. Bottom periods were directed 
into similar conditions to those of Late Incubating 
birds, but more focused on strong gradients in shal-
low WW. Brooding 11 birds concentrated their forag-
ing activity in SACCF waters, where they dived to 
depths of 100 to 300 m. Bottom periods occurred in a 
restricted range of temperature and temperature gra-
dient of -0.5 to 2°C and -0.5 to O.s oC per 50 rn, 
respectively. This indicates the target of deep WW 
and CDW. 
Wiggles occurrence and influencing factors 
For incubating birds, the correlations between wig-
gle occurrence and water properties were generally 
weak when considered over an entire foraging trip. 
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(a) Early Incubation 2005/06 (n = 4) 
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Fig. 3 . Aplenodyles palagonicus. Tracks of GPS-equipped individuals (a-d) from South Georgia during summer 2005 to 200.6 
and summer 2007 with the major ACC fronts in the Scotia Sea. Incomplete tracks are due to tag memory limitations or insuffi-
cient time at the surface to collect GPS satellite ephemerides. Frontal zones are based on Sea Surface Height (SSH) definitionS 
from Venables et al . (2012) . Frontal positions shown on the maps correspond to the mean positions over the trip period of th~ 
corresponding foraging group. PFZ: Polar Frontal Zone ; PF: Polar Front; AAZ: Antarctic Zone; SACCF: Southern ACC Fron , 
SB: Southern ACC Boundary 
In the PFZ, low water temperature appeared to play 
a more important role for wiggles occurrence than 
the temperature gradient (Fig. 6 a,b) . The logistic 
regression model showed that wiggle occurrence 
was greater at negative water temperature gradients 
for Brooding I birds, and increasing with positive gra-
dient for Brooding 11 birds (Fig 6c,d) . Correlations 
were stronger for Brooding I than for Brooding 11 
birds. Risk score plots indicated better model dis-
crimination performances for conditions of wiggles 
absence than of wiggles presence for all birds, and 
reduced performances for grouped birds compared 
to the analysis of : ingle birds. 
Body mass gain of tracked penguins 
Brooding 11 birds had highest body mass gains ~~ 
day as well as in relation to horizontal and vertic 
distances travelled. Brooding I birds showed higher 
mass gains per day and distances travelled than the 
Incubation group (Table 4) . 
DISCUSSION 
This is the first study to investigate how a deep ~v­
ing avian marine predator changes its foragwg 
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Fig. 4. Aplenodytes patagonicus. Kernel densities of bottom times for the different foraging groups (a-d) . Density contours en-
c:ornpass 20, 50 and 90 % of the bottom time distributions. Temperature profiles on SSH and depth with ACC front limitations 
from Venables et al. (2012) 
behaviour and habitat use at a fine spatial scale, both 
vertically and horizontally. The major features of our 
study are: (1) King penguin foraging behaviour 
Showed different horizontal and vertical patterns 
oVer the summer season, presumably in response to 
Changing energetic constraints related to their 
breeding phase. Foraging trips during incubation ex-
tended to the PF, whereas brooding birds foraged ex-
ClUSively south of the PF in AAZ and SACCF waters. 
(2) Diving behaviour was correlated with the thermal 
structure of the water column, with the vertical tem-
?erature gradient and depth appearing to play 
~Portant roles for the separation of different vertical 
~aging niches. (3) Structure in the hydrological en-
oIUnent south of the PF may allow foraging strat-
egy adjustment in relation to changing constraints, 
and may offer important flexibility for king penguins 
in the context of environmental variability. 
Foraging areas in relation to frontal zones 
Areas used for foraging by king penguins changed 
over the course of the summer season. Birds explored 
the PF during early incubation and the waters be-
tween the PF and the SACCF later in the summer sea-
son. For seabirds, changes in foraging trip duration at 
different times of the breeding cycle are known to oc-
cur and are thought to be the result of changing time 
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J'l' s~g· 6.Aptenodytes patagonicus. Wiggles occurrence as a function of water tempera ture and temperature gradient, and corre-
(a)onding risk score plots for model discrimination performance. Output of the logistic regression model and risk score plots for 
In 1 Early Incubation and (b) 1 La te Incubation bird. Early Incubation includes data from only within PF and PFZ waters, Late 
c:ubation includes data from the entire trip. (c ,d) Model output and risk score plot for (c) 1 Brooding I and (d) 1 Brooding II bird 
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Bird ID Start weight End weight Mass gain 
(kg) (kg) (kg d- I ) (kg per 100 km HD) (kg per 100 km VD) 
Late Incubation 
C5 11.4 15.4 0.23 0.25 0.07 
C7 ' 11.4 17 .0 0.28 0.34 0.09 
C9 11.0 14.2 0.14 0.19 0.05 
C10 11.8 14.6 0.21 0.24 0.06 
Mean ± SE 11.4 ± 0.2 15.3 ± 0.6 0.21 ± 0.03 0.26 ± 0.04 0.07 ± 0 .01 
Brooding I 
H5 13.8 15.8 0.33 0.33 0.08 
H9 13.8 16.9 0.50 0.55 noTDR 
P3 12.1 15.1 0.33 0.32 0.10 
P5 14.1 17.0 0.42 0.35 0.12 
Mean ± SE 13.5 ± 0.5 16.2 ± 0.4 0.39 ± 0.04 0.39 ± 0.06 0. 10 ± 0.01 
Brooding 11 
H3 14.0 16.8 0.55 0.57 0.13 
H6 13.0 15.8 0.51 0.57 noTDR 
P4 13.8 15.9 0.35 0.41 0 .09 
PlO 12.0 14.5 0.46 0.58 0.10 
T4 15.1 17.9 0.58 0.44 0.14 
Mean± SE 13.6 ± 0.5 16.0 0.49 ± 0.04 0.51 ± 0.04 0.12 ± 0.01 
(Thorpe et al. 2002, Meredith et al. 2003) may create 
areas of strong thermal gradients, where myctophids 
may aggregate (Brandt et al. 1981, Kozlov et al. 
1991). Reduced vertical mixing in the AAZ compared 
to adjacent frontal areas may increase the stability of 
such thermal structures, therefore favouring associ-
ated prey patches (Spear et al. 2001) . 
King penguins have already been reported to use 
mesoscale oceanographic features for non-random 
directed foraging during incubation at South Georgia 
(Trathan et al. 2008, Scheffer et al. 2010) and at 
Crozet islands (Cotte et al. 2007). Seasonal changes 
between foraging areas associated with different 
larger-scale oceanographic features of elevated 
mesoscale activity support the hypothesis that king 
penguin alter their foraging behaviour at different 
spatial and temporal scales. 
Targeted foraging niches in the water column 
Our detailed analysis of the time spent at the bot-
tom of the dives, relative to frontal zones and to ther-
mal structures in the water column, allowed us to de-
termine the water masses explored by king penguins 
over the summer season, and how birds adjust their 
foraging niches according to breeding constraints. 
During December and January, incubating birds 
foraged in the SACCF, the AAZ and the PF, and 
targeted various thermal structures at different 
depths in the water column. Enhanced vertical 
mixing in frontal areas (Spear et al. 2001) may lead 
to increased spatiai and temporal variability in 
thermal structures and associated prey resources. 
Such dynamic prey distributions may be reflected 
by the less consistent targeting of specific depth-
temperature-gradient patterns of birds foraging in 
the PF compared to in the AAZ, and only weak cor-
relation of wiggle occurrence with specific temper-
ature gradients. 
Late Incubation and Brooding I birds mainly for-
aged in AAZ waters . Brooding I birds targeted shal-
low WW in close proximity to the thermocline, and 
wiggles occurrence was correlated with strong ther-
mal gradients. The importance of sub-thermocline 
prey aggregations has already been reported for dol-
phins (Scott & Chivers 2009), tuna (Schaefer et a~ 
2007) and sunfish (Cartamil & Lowe 2004), an 
appears to be confirmed for king penguins foraging 
in the AAZ. Collins et al. (2008, 2012) found that cer-
tain myctophid species can be present at shallOW 
depths during daytime in the AAZ in the area to th~ 
north of South Georgia. Strong thermal gradients 0 
high stability may represent suitable conditions for 
stable myctophid aggregations at shallow dep~; 
which have been reported previously associated W1 al. 
warm-core rings in the Gulf Stream (Conte et 
1986) and in the equatorial Atlantic Ocean, with tutla 
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also exploiting these aggregations (Marchal & Le-
bourges 1996, Bard et al. 2002). The diving behav-
iour of Brooding I birds may indicate the presence of 
such permanent myctophid layers at shallow depths 
of 70 to 110 m in the Scotia Sea, even though this has 
so far only been reported from more temperate 
regions. However, this hypothesis remains specula-
tive as independent prey data was not available for 
our study. 
Brooding IT birds showed significantly deeper dives 
than the other groups, mainly targeting waters with 
Weak positive temperature gradients at the transition 
between deep WW and CDW in the SACCF. High 
body mass gains despite increased dive depths and 
reduced bottom times suggest increased foraging 
efficiency in these deep waters. Deep and long dives 
reported from king penguins at Crozet in autumn 
(Charrassin et al. 1998, 2002, Halsey et al. 2010) sug-
gest seasonal changes in targeted prey similar to 
those observed at South Georgia for Brooding IT 
birds. At Crozet, king penguins appear to compen-
sate increased costs for deeper dives in autumn by 
longer bottom times (Charrassin et al. 2002, Halsey et 
al. 2010) . At South Georgia, king penguins seem to 
be able to increase foraging efficiency at the bottom 
of dives. The foraging area targeted by Brooding IT 
birds may provide particular conditions of highly 
PrOfitable prey resources at great depths, potentially 
enhanced by the higher nutrient content in areas 
With the SACCF influx into the Scotia Sea (Ward et 
al. 2002). 
Thermal structure of the water column and foraging 
d The thermal structure of the water column and 
ti epth appeared to play a crucial role for the separa-
f on of foraging niches and the expression of different 
oraging patterns, especially with increasing con-
str . h alllts on the animals . Relative water structures 
aYe been suggested to play an important role for 
verti I t ca movements of other diving predators such as 
2~na and billfish (Brill et al. 1993, Brill & Lutcavage 
(S 01). Sunfish (Cartamil & Lowe 2004), dolphins 
al.cott & Chivers 2009) and basking sharks (Sims et 
seab~005). Foraging tuna and associated tropical 
n lrds have been reported to be more abundant in 
~~frontal areas characterized by lower vertical 
tu lng and higher stability of vertical thermal struc-
ar
res 
.(Owen 1981, Spear et al. 2001) . King penguins 
e dl . 
ill Vlng predators that target similar prey; they 
ab~Y' therefore, rely on the same criteria for favour -
e foraging habitats and show similar affinity with 
well structured waters, possibly reflected by target-
ing distinct niches in non-frontal or border areas by 
brooding birds. In addition to the importance of 
frontal zones for Southern Ocean marine predators 
(Bost et al. 2009), non-frontal or boundary areas with 
a higher stability of vertical thermal structures may 
also play a key role for diving predators such as king 
penguins, especially when constraints limit flexible 
travel times and behavioural adaptations to dynamic 
conditions at fronts . 
The vertical temperature gradient appeared to be a 
main factor for foraging niche adjustment and 
explaining differences in prey pursuit behaviour 
(wiggle occurrence). Thermal gradients are locations 
of enhanced biological activity (Thomas & Emery 
1988, Lima et al. 2002). resulting in the accumulation 
of biomass for various trophic levels , ranging from 
planktonic organisms to mesopelagic fish and ulti-
mately upper trophic level predators . Being one of 
the most pronounced vertical temperature gradients 
in the ocean, the thermocline has already been sug-
gested as an important feature for king penguins at 
Crozet (Charrassin & Bost 2001) as well as for other 
marine predators foraging in the Southern Ocean 
(Boyd & Arnbom 1991, Biuw e t al. 2007) and in more 
temperate regions (Cayre & Marsac 1993, Kitagawa 
e t al. 2000, Spear et al. 2001, Weng et al. 2009, Sepul-
veda et al. 2010) . Our study underlines the crucial 
role of the thermocline for foraging king penguins 
breeding at South Georgia. It also demonstrates the 
possibility that king penguins have alternate efficient 
foraging strategies for exploiting water masses 
where thermal gradients do not seem to be the main 
factor governing prey distribution. 
Our regression models have revealed some in-
sights into the effect of thermal properties of the 
water column on king penguins foraging. However, 
variable regression coefficients between individual 
birds as well as the prevalence of Brooding I and 
Brooding IT patterns on identical trip departure dates 
underline the fact that foraging strategies might not 
only relate to particular environmental conditions. 
Behavioural plasticity and individual factors (Svan-
back & Bolnick 2005, Sargeant et al. 2007) such as 
detailed breeding constraints, fitness and prior expe-
rience may also play a role . Lower model perform-
ances for wiggle presence than absence may result 
from the fact that favourable foraging conditions for 
king penguins are not only determined by the ther-
mal structure of the water column, but may also be 
influenced by other factors governing prey distribu-
tion in a given environment such as stochastic pro-
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King penguins' foraging and 
environmental variability 
Foraging behaviour of king penguins breeding at 
South Georgia appears to be structured both horizon-
tally and vertically. Penguins targeted different for-
aging areas depending on their breeding constraints, 
and adjusted their foraging activity in the water col-
umn. So far such strong habitat selection and the 
presence of alternative foraging niches have not 
been reported for king penguins from other locations. 
Patterns described from Crozet suggest changes in 
foraging characteristics over the summer season sim-
ilar to those described at South Georgia, with short-
ening of foraging trips and increasing dive depths. 
However, penguins in both the incubation and 
brooding stage target the PF, and foraging patterns 
appear less diverse than those of king penguins at 
South Georgia with respect to trip characteristics, 
diving behaviour and the targeting of distinct niches 
in the water column (Charrassin et al. 1998, 2002, 
Charrassin & Bost 2001) . This may suggest that alter-
native foraging areas closer to the colony, as reported 
from South Georgia, are not available at Crozet. 
For king penguins breeding north of the PF (i .e. 
Crozet, Marion Island), the geographically nearest 
profitable myctophid aggregations may be found at 
accessible depths mostly at the PF and its northern 
edges, as myctophid species targeted by king pen-
guins are known to increase in depth northwards of 
the PF (S. Fielding pers. comm.). This means that 
penguins breeding in these locations may depend to 
a higher degree on the PF. Predicted declines of king 
penguins due to environmental variability (Barbraud 
et al. 2008, Le Bohec et al. 2008, Peron et al. 2012) 
and in case of shifts in the PF may, therefore, only 
relate to areas where the animals are highly depend-
ent on the PF due to the lack of alternative foraging 
areas. Such predictions might be of lesser value for 
king penguins breeding at South Georgia . 
King penguins at South Georgia appear to be able 
to exploit profitable prey resources at the southern 
edge and south of the PF, either in terms of reduced 
depth in the AAZ or of increased profitability per 
catch effort at the bottom in SACCF waters. The area 
south of the PF may offer an elevated degree of for-
aging habitat segmentation to king penguins, as 
other structures than the PF may provide for prof-
itable prey resources at accessible depths . King pen-
guins from Heard Island, also located south of the PF, 
appear mainly to forage in the area to the east of the 
island (Moore et al. 1999a, Wienecke & Robertson 
2006), a location influenced by the southern branch 
of the PF and the Fawn Trough current (Roquet et at 
2009, van Wijk et al. 2010). Foraging in areas outside 
or at the southern boundaries of the PF, areas charac-
terized by cold water masses, may produce similar 
patterns to those at South Georgia . However, studies 
from Heard Island provide no information on diving 
behaviour in relation to the thermal structure of the 
water column, or on segregation of foraging areas. 
Oceanography at South Georgia is known to be 
influenced by ENSO (El Nino - Southern Oscillation) 
and SAM (Southern Annular Mode) as well as more 
direct atmospheric processes (Trathan & Murphy 
2002, Meredith et al. 2008) . However, different time 
lags between these events and the response in 
oceanography at South Georgia occur (Meredith et 
al. 2008). as well as temporal variation in the connec-
tions within the Scotia Sea ecosystem (Murphy et at 
2007). Our study includes reports of only one season 
per foraging group. Therefore, it remains open as to 
whether the patterns observed are a constant ele-
ment in the foraging strategy of king penguins 
breeding at South Georgia, or whether they are a 
response to particular conditions during our study 
years. Nevertheless, the oceanographic patterns ob-
served during our study appear to be consistent with 
general patterns described in the area to the north of 
South Georgia (Trathan et al. 1997, 2000, Thorpe et 
al. 2002, Meredith et al. 2003, Brandon et al. 2004). 
Also, the temporal and spatial scales of the oceano-
graphic features considered exceed the duration of 
the tracked foraging trips. Low sample sizes of the 
different foraging groups may raise questions about 
conclusions on general behavioural patterns at a 
population level. Even so, the foraging patterns 
observed during brooding indicate the presence of 
optional foraging niches close to shore at South Geor-
gia, allowing foraging of potentially increased effi-
ciency, at least in some years. This might also play a 
key role in potential responses of king penguins to 
environmental changes (Forcada & Trathan 2009), as 
optional foraging niches may allow them to better 
adjust foraging behaviour in response to the prevail-
ing oceanographic conditions. 
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Foraging habitat and performances of King penguins 
Aptenodytes patagonicus Miller, 1778 at Kerguelen islands 
in relation to climatic variability 
by 
Charles-Andre BOST* (I),Anne GOARANT (2), Annette SCHEFFER (I), 
P,hilippe KOUBBI (2), Guy DUHAMEL (3) & lean-Benolt CHARRASSIN (3) 
ABSTRACT. - Understanding how climate change affects the foraging ecology of key marine predators is an important 
issue in the study of Southern Ocean food webs . Since 1998 , we have conducted a long term research program on the 
foraging ecology of a top-diving predator, the King penguin Aptenodytes patagonicus, simultaneously at Kerguelen and 
Crozet Islands with the support of the IPEV (Institut Polaire Fran9ais) . King penguin is one of the most important predatory 
birds at Kerguelen . In summer, they forage preferentially along large-scale physical features and use the three dimensions 
of hydrographic features to feed on myctophid fishes (the penguins ' main prey and a major prey species in the Southern 
Ocean). Primarily, this study aims to evaluate how the change in foragi ng parameters and success of penguins reflect the 
impact of oceanographic conditions on key food webs in the polar frontal zone. Each summer, breeding (incubation and 
brooding) penguins from the Ratmanoff colony (Courbet Peninsula, Kerguelen; 100000 pairs) are instrumented with Argos 
transmitters or GPS with time-temperature-depth recorders . Here we provide a first modelling approach to the King pen-
guin's foraging habitat during summer from static variables (bathymetry), dynamic variables (SS Ht, SST, Chlorophyll ) and 
their related trends (gradients). In addition , trawl data on the distribution of myctophid fishes have been integrated . The 
most important factors explaining penguin foraging location are the SSHt, the bathymetry gradient and the SST. Results of 
interannual change in penguins at~sea trajectories, diving behaviour, foraging success and effort are discussed according to 
the interannual changes in the hydrographic structure in the Kerguelen region . 
RESUME. -Habitat d 'alimentation du manchot royal (Aptenodytes patagonicus) 11 Kerguelen. 
Comprendre comment les changements climatiques vont affecter les predateurs superieurs marins de l'ocean Austral 
et les chafnes trophiques dont ils dependent est d ' un interet majeur. Depuis 1998, nous menons un programme de recher-
che 11 long terme sur les strategies alimentaires d ' un predateur marin plongeur, le manchot royal Aptenodytes patagonicus 
aux lies Kerguelen et Crozet, avec le support de I' IPEV (Institut Polaire Fran9ais) . Le manchot royal est un des predateurs 
marins les plus importants de Kerguelen , en termes de biomasse consommante. En ete, les manchots royaux se nourrissent 
preferentiellement de poissons de la fami lle des myctophides , un groupe cle des chafnes trophiques de I 'ocean Austral. lis 
recherchent leurs proies preferentiellement au niveau de caracteristiques physiques 11 grande echelle et utilisent les 3 dimen-
sions de la structure hydrologique. Un des objectifs de notre etude est d 'evaluer comment les changements dans I'ecologie 
alimentaire des manchots vont refleter I ' impact des cond itions oceanographiques a I 'echelle locale et a grande echelle , 
sur les chafnes alimentaires dont ils dependent. A cette fin, des manchots partant en mer pour se nourri r sont equipes de 
balises Argos , GPS ou enregistreurs de plongee I temperature de I 'eau, durant chaque ete austral . A Kerguelen , la colonie 
etudiee est situee 11 Ratmanofff, sur la fa9ade est de la peninsule Courbet (100 000 couples). Nous presentons ici la premiere 
approche de modelisation de I ' habitat alimentaire en mer des manchots, a partir de I 'analyse des variables statiques (bathy-
metrie) et dynamiques (temperature et hauteur de l'eau et leurs gradients , chlorophylle et gradients associes) . Les donnees 
des peches scientifiques existantes sur la distribution des myctophides ont ete integrees. Les facteurs explicatifs les plus 
importants vis-a -vis de la distribution en mer des manchots sont les anomalies des hauteurs d 'eau et les gradients associes , 
la temperature de I ' eau et le gradient de bathymetrie. Les resultats des changements d ' annee en annee des trajectoires en 
mer des manchots , du comportement de plongee et de leur effort de peche sont discutes en perspectives des changements 
hydrologiques affectant I' ecosysteme de Kerguelen. 
Key words. - Climate variability - Top-predators - Penguins - Foraging - Habitat modelling - Kerguelen . 
The Southern Ocean is one of the marine areas most sus-
ceptible to climate change (Trathan et al. , 2007). The detec-
tion and quantification of the impact of the climatic vari-
ability on the biodiversity of this ocean and its food. we~~ 
have been given high international priority because It S~I 
accommodates the planet's largest unexploited animal blO-
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mass (Atkinson et al., 2004). However, the links between the 
physical features of the Southern Ocean, biological produc-
tivity and the distribution and abundance of zooplanktonic 
and nektonic prey remain poorly understood. 
Considering these difficulties, it has been proposed that 
the foraging behaviour of tagged predators could be used 
as bio-indicators of the availability of underlying resource 
distribution (Wilson et al. , 1994; Bost et al., 1997; Wilson 
et al., 2002; Austin et al., 2006) . Many marine birds from 
these areas are wide-ranging predators, highly mobile, and 
dependent on secondary and tertiary productivities. At sea, 
they strive to forage efficiently to maximize their chances of 
reproducti ve success (Lescroel et al ., 20 10). 
Most research efforts concerning pelagic resources in the 
SOuthern Oceans have been devoted to the change in the sta-
tus of krill stocks (Atkinson et al., 2004). However, the mes-
Opelagic fishes (Family Myctophidae) are also an important 
biological resource, in which biomass is estimated at 200-
400 x 106 tons (e .g., Lubimova et al., 1987; Pakhomov et al., 
1994). Additionally the distribution of these small schooling 
fish is closely related to the thermal structure of the water 
mass (Torres and Somero, 1988) . Myctophids are difficult to 
sample using traditional techniques because of their patchy 
distribution and mobility (Duhamel 1998). Diving top pred-
ators such as King penguins Aptenodytes patagonicus Miller 
1778 are good candidates to investigate the inter-annual and 
long-term change in myctophid distribution. King penguins 
are One of the most important avian consumers of the South-
ern Ocean (Guinet et al., 1996). It is also one of the most 
specialized seabirds in terms of diet, relying almost exclu-




















~igure I. - Foraging dives distribution of King penguins satellite-
y:cked from Ratmanoff Colony, East of Kerguelen Islands Cn = 4 
arS,1998-2002,27271 dives , n=27 birds). 
BOST £T A L. 
Ridoux, 1992). They are deep divers and pelagic foragers 
able to routinely dive deeper than 250 m and to forage up to 
400 km from their colonies (Bost et al. , 2002). 
Since 1998, we have conducted a long term research 
program on the King penguin foraging ecology at Kergue-
len Islands. The aim of the project is to evaluate how the 
changes in foraging parameters and success of an avian top 
predator can reflect and predict change in the availability of 
myctophids in one of the most productive ecosystem of the 
Polar Frontal Zone, the Kerguelen archipelago. 
Here we provide a first modelling approach of the King 
penguins foraging habitat during summer at Kerguelen. The 
habitat model was developed to explain and predict spatial 
distribution of foraging effort within the penguins ' available 
geographic range. This was carried out from the analysis 
of penguins foraging activity (via a bio-logging approach) 
over four years (1999-2002) concurrently with both datasets 
describing physical and biological oceanography. 
MATERIALS AND METHODS 
The project relied on the long-term monitoring of pen-
guins movements at sea and foraging effort during the breed-
ing season depending on oceanographic conditions. Each 
summer, breeding (incubation and brooding) penguins from 
the Ratmanoff colony (Courbet Peninsula, 100000 pairs) are 
instrumented with Argos transmitters or Fast-Ioc GPS (Sir-
track: Havelock North, NZ), and Time-Temperature-Depth 
recorders (MK7 to MK9 , Wildlife Computers: Redmond , 
WA , USA). 
We used the spatial distribution of dives to determine the 
at-sea distribution of the foraging habitat. Only dives deeper 
than 50 m were used as most of the feeding activity occurs 
beyond that depth (Charrassin et al ., 2002a) . This corre-
sponded to a total of 27271 foraging dives recorded on 27 
birds from 1998 to 2002 . A grid of 0.2° cell size was designed 
over the Kerguelen shelf and in each cell the number of dive 
was recorded. Only cells where at least three different indi-
viduals had dived were kept (n = 107, 54% of the dives; Fig. 
1) . The number of foraging dives was then log-transformed . 
Finally the number of dives per grid cell was modelled 
according to three types of environmental components: the 
spatial, physical and biological component. Dynamic ocea-
nographic variables (surface height, sea surface temperature , 
chlorophyll concentration) were extracted for each grid cell 
from both sources of oceanographic information (model 
and satellite) , whereas static variables such as bathymetry 
was obtained from the National Oceanic and Atmospheric 
Administration's (NOAA) ETOPO dataset , and their gradi-
ent (in terms of slope between each cell) computed. 
In addition, myctophid presence-absence (distribution 
trawls data on the Kerguelen shelf from the lchtyoker data-
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base, 1998-2000) was modelled according to the four pre-
vious environmental variables and their gradient. A model 
was performed using Random Forests, a machine-learning 
method combining three models trained on different boot-
strap replicate sample of the data (Elith and Graham, 2009) . 
We used data from night trawls at depths ranging from the 
surface to 100 m (n=73 trawls) , performed from January to 
March (Duhamel 1998; Guinet et al., 200 I). The perform-
ance and evaluation ot the model was evaluated using a 
Leave-one-out cross-validation. 
The variable testing procedure for assessing penguin for-
aging habitat was based on the test of the main variables and 
their possible combinations, which provided seven hypoth-
Foraging habitat o/king penguin at Kerguelen 
eses (Tab. I). A boots trap procedure (potts and Elith, 2006) 
was performed to evaluate the performance of each model-
ling hypothesis (10000 simulations) . 
RESULTS AND DISCUSSION 
At Kerguelen, King penguins are distributed in an area 
dominated by complex interactions between the proximity 
of the polar front, bathymetry and current advection. They 
forage at a mean distance of 300 km off the colony and tar-
get mainly waters along the shelf break that are associated 
with the Polar Front. We used the most important physi-
cal and biological variables and 
Table I. - Tests of the hypothesis predicting the distribution of the king penguin foraging habitat 
at Kerguelen Islands (RMSE: Root Means Square Error; AVE: Average Error). The letters m 
and b correspond to the coefficients of a linear regression between the observed and predicted 
values: observed = m x predicted + b. The hypothesis with the best performance is indicated in 
bold . 
parameters likely to determine the 
penguin's foraging distribution . 
The three main influencing 
variables follow . First, the spa-
tial distribution of dives, which 
are strongly autocorrelated at dif-
ferent scales. To determine the 
corresponding spatial scales, a 
principal coordinate analysis of 
neighbour matrices (PCNM) was 
performed (Dray et at., 2006) 
(Tab. I). Six spatial scales were 
retained in the analysis (Fig . 2~ . 
Second, the environmental vari-
ables, which includes the physi-
cal (static: bathymetry; dynamic: 
Hypothesis Pear- Spear- b RMSE AVE Variance inan m explained son 
"Space" 0.652 0 .631 1.232 -0.467 0.259 0 .000 27.9% 
"Physical Environment" 0.667 0.487 1.502 0 .025 0.236 0.004 28.1 % 
"Prey" 0.481 0 .142 1.017 -1.326 0.278 -0.001 17.3% 
"Space + Environment" 0.787 0.703 1.217 -0.448 0.203 0.004 45.1% 
"Space + Prey" 0.741 0.647 1.311 -0.635 0.222 0.001 39.3% 
"Environment + Prey" 0.665 0.487 1.51 5 -0 .044 0.238 0.006 29.1 % 
"Space + environment + 0 .784 0.690 1.251 -0.518 0 .203 0.004 43 .7% prey" 
V4 
Sea surface height 
Depth gradient 
Depth .1 
















Figure 2. - Output of the foraging habitat model showing the most 
important variables (Hypothesis "Space + environment"). VI: large 
scale distribution of dives (Kerguelen North and South); V4: mes-
oscale distribution of dives (range 100 km, including the 2 areas of 
highest diving activity) ; V6: mesoscale distribution of dives (range 
76 km, limit of the studied area); V 14: mesoscale distribution of 
dives (range 52 km , restricted diving zones, Kerguelen North); 
V26: mesoscale distribution of dives (range 47 km) ; V34: fine scale 
distribution of dives (range < 10 km) [not shown]. 
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SST, sea surface height anomaly) 
and biological variables (chloro-
phyll) . Lastly, the prey fields (myctophids) obtained frorn 
the model. 
Overall, the hypothesis combining spatial and environi 
mental variables had the best average performance (45% ~ 
explained variance, Tab. I). The output of the foraging habi-
tat model indicated the contribution of the most significant 
variables (Fig. 2), primarily, the variable combining th~ 
spatial distribution of dives and environmental variableS, 
and secondly, two significant dynamic variables, sea surf~ce 
height and sea surface temperature. Static variables, lJi{e 
depth gradient and depth, also play a significant role. 
• (1 
Intrinsically, modelling of the King penguin's foragln" 
habitat based on a four-year study of diving activity indicateS 
the importance of physical variables such as the temperature 
of the water mass and sea surface height. Other studies have 
shown how oceanic foragers such as King penguins concen-
trate their foraging effort in colder waters of the polar Fror 
tal Zone where myctophids tend to aggregate (Cottt~ et ~ ., 
2007; Bost et al., 1997) . In the Crozet sector, the foragiOg 
activity occurs within mesoscale frontal zones and stron~ 
currents, both associated with eddies at the Polar Front (COrte 
201 
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et al., 2007). However, this study a lso confirms the role of 
the extensive Kerguelen platea u as a major physical vari-
able driving the foraging behaviour of such pelagic forager 
(Charrassin et al., 2002b). Climate change scena rio predicts 
a major southe rn shift of the polar front during thi s century 
(Solomon et al. , 2007). In the future, warmer surface waters 
and increased frequency of mesoscale warm anomalies m ay 
alter the myctophid distribution and the foraging success of 
the peng uins and other top-diving predators. Next steps will 
be to model the foraging habitat/prey distribution in distinct 
climatic scenarios and to evaluate the foraging responses of 
the pe ng uins in different modelled foraging habitats by using 
Behaviour Based Models (Grimm and Railsback, 2005). 
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